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DESI GN_ AND SYNTHESI S OF CLEAVABLE FLUCRESCENT
NUCLEOTI DES AND REVERSI BLE _TERM NATORS FOR DNA
- SEQUENCI NG BY SYNTHESI S -

The i nvention di scl osed herein was made with
gover nnment support Nl H gr ant P50- HE00358205
Accordingly, the U S. Governnent has certain rights in

this invention.

Throughout this application, various publications are
referenced in parentheses by nunber. Full citations

for these references nmay be found at the end of the

speci fication i medi ately pr ecedi ng the clains. The
di sclosures of these publications in their entireties
are her eby i ncor por at ed by reference into this

application to nore fully describe the state of the

art to which this invention pertains.

Background of the |nvention

The conpletion of the Human Genonme Project (HGP) in
early 2000 (1) was a nonunental achi evenent w th
i ncredi ble anopunt of conbined efforts anong genone
centers and scientists worl dw de. The engine behind
this decade long project was the Sanger sequencing
met hod, which still <currently muintains as the staple
of large-scale genonme sequencing nethodology in high-
t hroughput genone sequencing centers. The min reason
behind this prolonged success was in the basic and
efficient, yet elegant nethod that is Sanger dideoxy

chain termninating reaction (2). Wth increnental
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i nprovenent s in this DNA sequenci ng t echnol ogy
i ncl udi ng t he use of | aser i nduced fl uorescent
excitation of energy transfer dyes (3), engineered DNA
pol yner ases (49 and capillary electrophoresis (5) as
wel | as in t he ar eas of sampl e preparation,

i nformatics, and sequence analysis software (6-9), the
Sanger sequencing platform has been able to maintain
its status as chanpion in the seguencing wor | d.
Current state-of-the-art Sanger based DNA sequencers
can produce over 700 bases of clearly r eadabl e
sequence in a single run from tenplates up to 30kb in
| ength (10-12). However, as is W th nost of
t echnol ogi cal i nventi ons, the continual i nprovenent s
in this sequencing platform has conme to a stagnant
plateau, wth the current cost estimate for producing
a high-quality m crobi al genone draft sequence at
ar ound $10, 000 per nmegabase pair. Current DNA
sequencers based on the Sanger nethod allow up to 384

sanmples to be analyzed in parallel.

Wi | e fl uorescent - based SBS et hods have al nost
unlimted ability for parallelization, restricted only
by the resolution of the inmaging system to date they
have been linmted to read lengths of about 35 bases.
The successf ul i npl enent ati on of sequenci ng by
synthesis (SBS) is effectively dependent on the read
length of the target DNA tenplate. One of the nmmjor
factors t hat det erm nes t he r ead | ength when
performng SBS is the nunber of available tenplates.
Qur | aboratory has recently developed two powerful
appr oaches for SBS: 1) Hybrid SBS with nucleotide
reversible t er m nat or (NRTs, 3' -0 Ri - dNTPs) in
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combi nati on Wi th fluorescently | abel ed
di deoxynucl eoti de (ddNTPs- R,- f | uorophore) , and 2) SBS
with cl eavabl e fl uorescent nucl eoti de reversible
t erm nat or (G F- NRTs, 3' -O-R -dNTPs- R ,- f | uor ophore)
(" Four-col or DNA Sequenci ng with 3'-0-nodif ied
Nucl eoti de Rever si bl e Termi nators and Chemi cal ly
Cl eavabl e Fl uorescent D deoxynucl eotides” . J. GQGuo, N.
Xu, z. Li, S. Zhang, J. Wi, D. Kim M. S. Marma, Q.
Meng, H. Cao, X. Li, S. Shi, L. Yu, s. Kalachikov, J.
Russo, N.J. Turro, J. Ju. Proceedings of the National
Acadeny of Sciences USA 2008, 105, 9145-9150) ("Four-
Col or DNA Sequencing by Synthesis Using C eavable
Fl uorescent Nucl eotide Reversible Termnators". J. Ju,
D. Kim L. Bi, Q. Mng, X. Bai, Z. Li, X. Li, M S.
Marma, s. Shi, J. W, J.R. Edwards, A. Romu, NJ.
Turro. Proceedings of the National Acadeny of Sciences
USA. 2006, 103, 19635-19640) . Since the incorporation
of ddNTPs- R2~f | uor ophor e into a strand of DNA
per manent |y term nat es further ext ensi ons of that
tenplate in the first approach and the incorporation
and cleavage of GCF-NRTs leaves a tail of the nodified
nucl eotide that causes possible steric hindrance to
lower the incorporation efficiency of the subsequent
base in the second approach, the total nunber  of

sequenceble tenplates decreases after each cycle of

SBS reaction. Various nmeans can be enployed to
mnimze this rate of tenplate reduction. Among those,
a powerful nmet hod ternmed tenplate "wal ki ng" can

potentially dimnish the negative effect of tenplate
termination or reduction and extend the read |ength of

SBS at least two to three-fold.
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Sunmary of the | nvention

A conposition is provided having a first, second and
5 third portion wherein the second portion has the

following structure:
0]

o
\O

O/\B
N3 , wher ei n a
represents a point of attachnent to the first portion

and [ represents a point of attachnent to the third

10 portion.

A method is provided for determining the identity of
each of a series of consecutive nucleotide residues in

a nucleic acid conprising:
15 a) contacting the nucleic acid wth (i) at | east
four different deoxynucleotide triphosphate (dNTP)

anal ogues, each having the structure:

O— V=0

OR
wherein F is a fluorophore, b is a base which is

20 adeni ne, guani ne, cyt osi ne, ur aci | or thym ne,
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wherein the fluorophore attached through a Iinker
to each type of base differs in its enission or
excitation spectra from a fluorophore attached to
each of the remmining types of bases, and each of
t he four dNTP anal ogues differs from the
remai ni ng three dNTP anal ogues by having a
di fferent base, and wherein L is a cleavable
i nker nolecule conprising the structure:
@)

o
\O

O/\B

N3

’

wherein o represents a point of attachment to the

base and [ represents a point of attachment to the
fl uor ophore, and wher ei n R is a cl eavabl e
chem cal group, (ii) a nucleic acid polynerase
and (iii) a nucleic acid prinmer which hybridizes
with the nucleic acid,

under conditions permitting one of the four dNTP
anal ogues t hat is conmpl enent ary to t he
consecutive nucleotide residue to be identified
to form a phosphodiester bond with the 3' end of
the nucleic acid primer and thereby extend the
pri mer;

identifying the fluorophore of the dNTP anal ogue
which has formed the phosphodi ester bond, thereby

identifying the consecutive nucleotide;
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c) contacting the dNTP anal ogue which has formed the
phosphodi est er bond Wi th tris (2-
car boxyet hyl )phosphi ne so as to thereby (1)
cl eave t he fl uorophore and (2) cl eave t he
cl eavabl e chemical group from the dNTP;

d) iteratively repeating steps a) through <¢) for
each of the consecutive nucleotide residues to be
identified wuntil the final consecutive nucleotide
residue is to be identified;

e) repeating steps a) and b) to identify the final
consecutive nucleotide residue,

thereby determining the identity of each of the

series of consecutive nucleotide residues in the

nucl ei ¢ aci d.

A method is provided for determning the identity of
each of a series of consecutive nucleotide residues in

a self-priming nucleic acid conprising:

a) contacting the self-priming nucleic acid with (i)
at | east four di fferent deoxynucl eot i de
tri phosphate (dNTP)  anal ogues, each having the

structure :

0]

0]

OR
wherein F is a fluorophore, b is a base which is

adeni ne, guani ne, cyt osi ne, ur aci | or thym ne,
wherein the fluorophore attached through a Iinker

to each type of base differs in its emission or
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b)

c)

excitation spectra from a fluorophore attached to
each of the remmining types of bases, and each of
t he f our dNTP  anal ogues differs from the
remai ni ng three dNTP anal ogues by having a
different base, and wherein L is a cleavable
i nker nol ecule conprising the structure:

0]

a
\O

o/\B

N3

14

wherein a represents a point of attachnment to the

base and B represents a point of attachment to the
f I uor ophore, and wherein R is a cleavable
chem cal group, and (ii) a nucl ei c acid
pol yner ase,

under conditions permtting (a) the self-primng
nucleic acid to prine itself and (b) one of the
four dNTP anal ogues that is conplenentary to the
consecutive nucleotide residue to be identified
to form a phosphodi ester bond with the 3' end of
the self-primng nucleic acid prinmer and thereby
extend the self-primng nucleic acid,

identifying the fluorophore of the dNTP anal ogue
which has fornmed the phosphodi ester bond, thereby
identifying the consecutive nucleotide;

contacting the dNTP anal ogue which has forned the
phosphodi est er bond W th tris (2-
car boxyet hyl ) phosphi ne so as to thereby (1)
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cl eave t he fl uor ophore and (2) cl eave t he
cl eavable chemical group from the dNTP;
d) iteratively repeating steps a) through «¢) for
each of the consecutive nucleotide residues to be
5 identified until the final consecutive nucleotide
residue is to be identified;
e) repeating steps a) and b) to identify the final
consecutive nucleotide residue,
thereby determining the identity of each of the
10 series of consecutive nucleotide residues in the

self-primng nucleic acid.

A kit is provided for use in sequencing a .nucleic acid
conpri sing:
15 a)a plurality of four nucleotide analogues having

the structure:

(o]
(o]
/ fluorophor
NH, / o )
N | \ N3
N
0 o} 0 N "
| I |
0—P——0—P—0—P—0 o
Lol
(o]
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b) instructions for use.

An array is provided conpri si ng a nucleic acid

attached to a solid surface, wherein the nucleic acid

5 conprises an azidonethyl group attached to a 3' 0 atom

thereof and a nolecule having the structure:

O
a
\O
o/\B
N3 . ,Wherein a represents

a point of attachnent to a 3' base of the nucleic

acid and [ represents a point of attachment
10 det ect abl e marker.

to a

An array is provided conprising a self-primng nucleic

acid attached to a solid surface, wherein the nucleic

acid conmprises an azidonethyl group attached to a 3' O
15 atom thereof and a nol ecul e having

O
o
\O
o/\B
N3 ,wher ei n a

represents a point of attachnment to a 3' base of the

the structure:

nucleic acid and [ represents a point of attachment
to a detectable marker.
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A nethod is provided for increasing a read length of
DNA sequencing by synthesis conprising (a providing
deoxynucl eot i de tri phosphate anal ogues wherein the
deoxynucl eot i de tri phosphate anal ogues differ from
deoxynucl eotide triphosphates by having a nethylazido
group attached to a 3° O atom thereof and by having a
detectable marker attached to a 1 nitrogen or a 9
nitrogen of a base thereof through a linker conprising
the structure '
0]

a
\O

o/\B

N3

’

wherein o represents a point of attachnment to a the

base and [ represents a point of attachnent to the
detectable marker, (b) incorporating a plurality of
the deoxynucleotide triphosphate analogues into a
nucl eic acid being synthesized in the DNA sequencing
by synthesis, and (c¢) cleaving the nethylazido and
detectabl e  marker from each incorporated dNTP
anal ogue, so as to thereby increase the readlength

of the DNA sequence by synthesis.

A method for determining the identity of each of a
series of consecutive nucleotide residues in a nucleic
acid conpri sing:
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a) contacting the nucleic acid with (i) at |east

four different deoxynucleotide triphosphate (dNTP)

anal ogues, each having the structure:

L F
b
I
o_———P——O——P——O—T—O o
Lol
OR

wherein F is a fluorophore, b is a base which is
adeni ne, guani ne, cyt osi ne, ur aci | or thym ne,

wherein the fluorophore attached through a Ilinker
to each type of base differs in its emssion or
excitation spectra from a fluorophore attached to

each of the remaining types of bases, and each of

t he four dNTP anal ogues differs from t he
remai ni ng t hree dNTP anal ogues by having a
di fferent base, and wherein L is a cleavable

linker nmolecule conprising the structure:

Q\EL )v \@/LN/\/”

wherein d represents a point of attachnent to the

4

base and [P represents a point of attachment to the
fl uorophore, and wher ei n R is a cl eavabl e

chem cal group, (ii) a nucleic acid polynerase

and (iii) a nucleic acid prinmer which hybridizes

with the nucleic acid,

under conditions permtting one of the four dNTP

anal ogues t hat is conpl enent ary to t he
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consecutive nucleotide residue to be identified
to form a phosphodiester bond with the 3' end of
the nucleic acid primer and thereby extend the
primer;

b) identifying the fluorophore of the dNTP anal ogue
which has formed the phosphodi ester bond, thereby
identifying the consecutive nucleotide;

c) contacting the dNTP anal ogue which has fornmed the
phosphodi est er bond W th tris(2-
car boxyet hyl ) phosphi ne so as to thereby (1)
cl eave t he f 1 uor ophore and (2) cl eave t he
cl eavable chem cal group from the dNTP;

d) iteratively repeating steps a) through «c¢) for
each of the consecutive nucleotide residues to be
identified wuntil the final consecutive nucleotide
residue is to be identified;

e) repeating steps a) and b) to identify the final
consecutive nucleotide residue,

thereby determ ning the identity of each of the

series of consecutive nucleotide residues in the

nucl ei ¢ aci d.

A nethod for determning the identity of each of a
series of consecutive nucleotide residues in a self-

priming nucleic acid conprising:

a) contacting the self-priming nucleic acid with (i)
at | east four different deoxynucl eot i de
tri phosphate (dNTP) anal ogues, each having the

structure :
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L F
b
@] (0] (0]
I | I
o.——P—O—P—O—-——T—O o
I
OR

wherein F is a fluorophore, b is a base which is
adeni ne, guani ne, cyt osi ne, ur aci | or thym ne,

wherein the fluorophore attached through a |inker
to each type of base differs in its emssion or
excitation spectra from a fluorophore attached to
each of the remaining types of bases, and each of
t he four dNTP  anal ogues differs from the
remai ni ng three dNTP anal ogues by having a
different base, and wherein L is a cleavable

I inker nolecule conprising the structure:

0 N3 o)
)]\/ )\/ N
a 0) o) N
N ~"o NT NN
H H

I

wherein o represents a point of attachnent to the

base and [ represents a point of attachnment to the
fl uor ophore, and wherein R is a «cleavable
chemi cal group, and (ii) a nucl ei c acid
pol yner ase,

under conditions permtting (a the self-primng
nucleic acid to prinme itself and (b) one of the
four dNTP analogues that is conplenentary to the
consecutive nucleotide residue to be identified

to form a phosphodi ester bond with the 3* end of
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the self-priming nucleic acid primer and thereby
extend the self-primng nucleic acid;

b) identifying the fluorophore of the dNTP anal ogue
which has formed the phosphodiester bond, thereby
identifying the consecutive nucleotide;

c) contacting the dNTP anal ogue which has formed the
phosphodi est er bond with tris (2-
car boxyet hyl ) phosphi ne so as to thereby (1)
cl eave t he fl uor ophore and (2) cl eave t he
cl eavabl e chemical group from the dNTP;

d) iteratively repeating steps a) through «¢) for
each of the consecutive nucleotide residues to be
identified wuntil the final consecutive nucleotide
residue is to be identified;

e) repeating steps a) and b) to identify the final
consecutive nucleotide residue,

thereby determining the identity of each of the

series of consecutive nucleotide residues in the

self-primng nucleic acid.

A method for determining the identity of each of a
series of consecutive nucl eoti de resi dues in a
plurality of nucleic acids conprising, the sane series
of consecutive nucleotides conprising:
a) contacting the nucleic acids wth (i) at |east
f our di fferent di deoxynucl eoti de tri phosphate

(ddNTP) anal ogues, each having the structure:
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L F
b
O 0 o]
[N S
O- P—O P—O -l—O 0
LoLod
wherein F is a fluorophore, L is a cleavable

linker molecule and b is a base which is adenine,

guani ne, cytosine, wuracil or thymine, wherein the
fluorophore attached through a linker to each
type of base differs in its em ssi on or

excitation spectra from a fluorophore attached
through a linker to each of the remaining types
of bases, and each of the four ddNTP anal ogues
differs from the remaining three ddNTP anal ogues
by having a different base, and wherein L

conprises the structure:

G\HL )v \O/LN/\/”

wherein o represents a point of attachment to the

!

base of the dideoxynucleotide and [ represents a

point of attachnent to the fluorophore, and

(ii) at | east f our di fferent deoxynucl eoti de
tri phosphat e (dNTP) anal ogue, each having the
structure :
b

01
o_——-P——O—P—O—T—O o

Y S ¢

OR
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b)

c)

d)

e)

17

wherein b is a base which is adenine, guani ne,
cytosine, wuracil or thymne, and each of the four
dNTP analogues differs from the remaining three
dNTP anal ogues by having a different base, and
wherein R is a cleavable chenical group,

(iii) a nucleic acid polynerase and (iv) at |east
two prinmers each of which  hybridizes with a
separate nucleic acid of the plurality of nucleic
aci ds,

under conditions permtting a ddNTP anal ogue that
is conplenentary to the consecutive nucl eoti de
residue in the nucleic acid to be identified to
form a phosphodiester bond with the 3* end of one
of the priners and a dNTP anal ogue t hat is
compl enent ary to t he consecutive nucl eoti de
residue to be identified to form a phosphodiester
bond with the 3 end of another of the priners;
identifying the fluorophore of the ddNTP anal ogue
which has forned the phosphodiester bond thereby
i dentifying t he i dentify of t he consecutive
nucl eot i de;

cleaving the fluorophore from the ddNTP anal ogue
which has fornmed the phosphodiester bond and
cleaving the cleavable chem cal group from the
dNTP which has fornmed the phosphodi ester bond;
iteratively repeating steps a) through «¢) for
each of the consecutive nucleotide residues to be
identified wuntil the final consecutive nucleotide
residue is to be identified;

repeating steps a) and b) to identify the final

consecutive nucleotide residue,
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thereby determining the identity of each of the

series of consecutive nucleotide residues in the

nucl eic acid.

5 A method for determining the identity of consecutive

nucl eotide residues in a self-primng nucleic acid
conpri sing :

a) contacting the nucleic acids wth (i) at

| east four di fferent di deoxynucl eoti de

10 tri phosphate (ddNTP) anal ogues, each having the
structure :
L F
b

wherein F iss fluorophore, L iss a cleavable

linker npblecule and b is a base which is adenine,

15 guani ne, cytosine, wuracil or thymne, wherein the
fluorophore attached through a linker to each
type of base differs in its em ssi on or

excitation spectra from a fluorophore attached
through a linker to each of the remining types
20 of bases, and each of the four ddNTP anal ogues
differs from the remaining three ddNTP anal ogues
by having a different base, and wherein L

conprises the structure:

0 Na o)
)k/ )\/ N
o O 0] N
Y ~"0 NN
H H
14
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wherein a represents a point of attachment to the

base of the dideoxynucleotide and [3 represents a
point of attachnent to the fluorophore, and

(ii) at | east f our different deoxynucl eot i de
tri phosphate (dNTP) anal ogue, each having t he

structure :

|

o]
O—'I:J=O

@]

OR

wherein b is a base which is .adeni ne, guani ne,
cyt osi ne, uracil or thymne, and each of the four
dNTP analogues differs from the remmining three
dNTP anal ogues by having a different base, and
wherein R is a cleavable chem cal group,

(iii) a nucleic acid polynmerase and (iv) at |east
two priners each of which  hybridizes with a
separate nucleic acid of the plurality of nucleic
aci ds,

under conditions permitting a ddNTP anal ogue that
is conplenentary to the consecutive nucl eoti de
residue to be identified to form a phosphodiester
bond with the 3' end of one of the self-primng
nucl ei c aci ds and a dNTP anal ogue t hat is
conpl enent ary to t he consecutive nucl eoti de
residue to be identified to form a phosphodiester
bond with the 3 end of another of the self-

primng nucleic acids;
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b) identifying the fluorophore of the ddNTP anal ogue
which has formed the phosphodiester bond thereby
i dentifying the identify of the consecutive
nucl eot i de;

c) cleaving the fluorophore from the ddNTP anal ogue
which has fornmed the phosphodiester bond and
cleaving the cleavable chemcal group from the
dNTP which has forned the phosphodi ester bond;

d) iteratively repeating steps a) through <¢) for
each of the consecutive nucleotide residues to be
identified until the final consecutive nucleotide
residue is to be identified,

e) repeating steps a) and b) to identify the fina
consecutive nucleotide residue,

thereby determining the identity of each of the

series of consecutive nucleotide residues in the

nucl eic acid.

A kit for use in sequencing a nucleic acid conprising:

a) a plurality of four dideoxynucleotide anal ogues

having the structure:
o

N3 O
fluorophore,
o )\/o [ Auorophore,
N)I\/ ~— N o \©*N
H
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(o]
N)I\/ O\/\O)\/ o N/ ﬂuorophore;
o // H H
N\

2
(o]
o )K/O\/\ )\/O ~ fuorophore:
A N O N
Z H H
HN

5 , and
O N3 (o]
fluorophore,
NH, _ N)k/o\/\o/k/‘)@)‘\h‘/
A H H
g
|
o—T—o—T—o—T—o o
(oD o] o-
with
10 (b) a plurality of deoxynucleotide anal ogues
having the structure:
o}
NH,
HN ) NPSN
A P~N >
H,N7 N k\N N
0.,.0._.0...0 : o]
/,P\ /?\ /,P\ o O\,P\/O\,P\/O\,P\/ (0}
0 00 00 O 0 00 00 O
O N3 O N3
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0 o
N H, CH,
O)\N

HN
| P I
‘0.,.0.,.0.,.0 ‘0...0...0._.0—0" N
AORR ) /,P . AR 0O
0 00 00 O o 00 00 O
O._N; and O _Nj

~

and

(¢) instructions for use.

An array conprising a nucleic acid attached to a solid

surf ace, wher ei n t he nucl ei ¢ aci d conpri ses an

azi domet hyl group attached to a 3' 0O atom thereof

and
a nol ecule having the structure:
o

a )‘\/ )\/ N
\N N/\/

H

10 ’

wherein o represents a point of attachnent to a 3
base of the nucleic acid and (3 represents a point of

attachnment to a detectable marker.

15 An array conprising a self-primng nucleic acid

attached to a solid surface, wherein the nucleic acid
conprises an azidonmethyl group attached to a 3* 0 atom
t hereof and a nol ecule having the structure:
0]
“\Nk )v \©/LN/\/N
H
'
20 wherein o represents a point of attachnent to a 3
base of the nucleic acid and (3 represents a point of

attachnment to a detectable marker.
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A nethod is provided for increasing a read length of
DNA sequencing by synthesis coupled wth Sanger
di deoxynucl eoti de term nating reaction (a) providing
deoxynucl eotide triphosphate analogues wherein the
deoxynucl eotide triphosphate analogues differ from
deoxynucl eotide triphosphates by having a nethylazido
group attached to a 3° 0 atom thereof and providing
di deoxynucl eotide triphosphate anal ogues wherein the
di deoxynucl eotide triphosphate analogues differ from
di deoxynucl eoti de triphosphates by having a detectable
marker attached to a 1 nitrogen or a 9 nitrogen of a

base thereof through a linker conprising the structure

0
“\N/[k/o Jv \@/“\N/\/N
H

wherein o represents a point of attachment to a the

base and [ represents a point of attachnent to the

detectabl e marker, (b) incorporating a plurality
ratio of di deoxynucl eoti de tri phosphate to
deoxynucl eot i de tri phosphate anal ogues into a

nucleic acid being synthesized in the DNA sequencing
by synthesis and (c¢) cleaving the nmethylazido and
detectabl e  marker from each incorporated dNTP
anal ogue, so as to thereby increase the readlength

of the DNA sequence by synthesis
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Brief Description of the Fiqures

Figure 1. Staudinger reduction with TCEP.

Figure 2. 3'-0O Azi do-dNTPs- Azi do- Dye.

Figure 3. Staudi nger Reduction of the Azido Linker.

Figure 4. 3'-0O Azi do-dNTP-PC Dye

Figure 5. The hybrid DNA sequencing approach between
the Sanger dideoxy chain-term nating reaction and
sequenci ng by synthesis. In this approach, f our
nucl eot i des (3 -O Ri -dNTPs) nodi fi ed as reversible
term nators by capping the 3 -0H wth a snmall

reversible noiety Rl so that they are still recognized

by DNA pol ynerase as substrates, are used in
conbination with a small percentage of four cleavable
fluorescent di deoxynucl eoti des (ddNTP- R,~-f | uor ophor es)

to perform SBS. DNA sequences are determined by the
uni que fluorescence emssion of each fluorophore on
the DNA products termnated by ddNTPs . On renoving the

3'-0H capping group Ri from the DNA products generated
by incorporating the 3'-O R -dNTPs, and the cleavage of
the R, linker to renove the fluorophore from the DNA
products termnated wth the ddNTPs, the polynerase

reaction reinitiates to conti nue t he sequence

det erm nati on.

Figure 6. 3'-0O Azi do-dNTPs .
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Figure 7. Solution I ncor poration and reduction of 31-
O Azi do- dNTPs : polynmerase ext ensi on and TCEP reduction
scheme
Fi gure 8. MALDI - TOF MS  spectra of i ncorporation
product s (left colum) , and MALDI-TOF MS spectra of
reduction product s (right colum).
Figure 9. Solution i ncorporation and reduction schene
of 3'-0O Azi do-dNTPs- Azi do- Dye.
Fi gure 10. MALDI - TOF MS spectra results for
i ncorporation shown in Fig. 9.

Figure 11. SBS scheme for 3'-O Azido-dNTPs-Azido-Dye

Figure 12. Results for incorporation showmn in Fig  11.
Figure 13. Mechanisns to cleave the 3'-0O azidonethyl
group and t he azi dol i nker-f | uor ophore from the DNA
ext ensi on products. A) Staudinger reaction with TCEP
to regenerate the 3'-OH group of the DNA extension
product . B) Staudinger reaction with TCEP to cleave
the fluorophore from the dideoxynucleotide

Fi gure 14. Structures of cl eavabl e f1 uorescent

di deoxynucl eot i de term nators ddNTP-N ;- f | uor ophores,
with the 4 fluorophores havi ng di stinct fl uorescent
eni ssi ons: ddCTP-N ;- Bodi py- FL- 510 (Agps (mx) = 502 nm A,
(g = 510 nm , ddUTP-N 5-R6G Ay (g = 525 NM Ay (o

= 550 nm) , ddATP-N 5-ROX (A = 585 nm A, (mx = 602

abs (max) em
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nm , and ddGTP-N ,-Cy5 (A
nm

(mx) = 649 nm A = 670

abs em (max)

Figure 15. Synthesis of ddCTP-N ;- Bodi py- FL-510
Figure 16. sSynthesis of ddUTP-N ;-R6G
Figure 17. Synthesis of ddATP-N ;- ROX

Figure 18. Synthesis of ddGTP-N ;-Cy5

Figure 19. A detailed scheme (left half of fig.) of
pol yner ase reaction usi ng al | four 3' -O-N ;-dNTPs to
ext end with an "3 -ON ;-dATP", "3'" -ON ;-dCTP", "3 -0

N,- dGTP" and "3 -ON 5;-dTTP" and the subsequent cl eavage
reaction to cleave off the azidonethyl noi ety cappi ng
the 3'-0H of the DNA extension pr oduct . MALDI - TOF MS
spectra (right hal f of fig.) verifying base specific

i ncor poration of: (A 3 -ON ;-dCTP  (peak at 8,310 mz),
(B) the corresponding cl eavage pr oduct (8,255 mz); (9O
3-ON ;-dGTP  (peak at 8,639 mz), (D the corresponding

cl eavage  product (8,584 mz); (B) 3 -ON ;-dATP (peak at
8, 952 nz), (F) the corresponding cl eavage pr oduct
(8,897 mnlz); (G 3'-ON,-dTTP (peak at 9,256 mz) and

(H the corresponding cl eavage pr oduct (9,200 mz).
The azi donet hyl noi ety cappi ng the 3'-OH group of the
DNA extension product s is conpletely renoved by TCEP
aqueous sol ution t o continue the polynerase reaction.
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Fi gure 20. A detailed scheme (top half of fig.) of
pol yrmer ase reaction usi ng al | f our ddATP- N 5-
fluorophores to extend with an "ddA", "ddC', "ddG' and
"ddU' and the subsequent cleavage reaction to cleave
off the fluorophore from the DNA extension product.

MALDI - TOF MS spectra (bottom half of fig.) verifying
base specific incorporation of: (A ddATP-Nj3-ROX (peak

at 9,180 nlz) among  pool of all four cleavable
fluorescent di deoxynucl eoti des, (Bp the corresponding
cl eavage product (8,417 mz); (o ddCTP-N ;- Bodi py- FL-
510 (peak at 8,915 niz), (D the correspondi ng

cl eavage product (8,394 mz); (g ddGIP-N3-Cy5 (peak at
9,317 mz), (Fp the ~corresponding cleavage product
(8,433 mz); (o ddUTP-N;-R6G (peak at 9,082 nmiz) and
(H the corresponding cleavage product (8,395 niz)

Fi gures 21. (A Reaction scheme of Sanger/sequencing
by synthesis hybrid sequencing on a chip using
conbi nati on of cl eavabl e fl uorescent
di deoxynucl eotides and 3'-0-Nj-nodif ied nucleotides. (B):
The scanned 4-color fluorescence inmages (shown here in
grayscal e) for each step of Sanger / SBS hybri d
sequencing on a chip: (1) incorporation of 3'-0O N;-dCTP
and ddATP- N 3- Bodi py- FL- 510; (20 cleavage of N;-Bodipy-
FL-510 and 3'-CH,N; group; (3) incorporation of 3'-0-Nj;-
dATP and ddATP-N;-ROX; (4) cleavage of N3g-ROX and 3'-
CH,N; group; (5) incorporation of 3'-ONjz-dTTP and
ddUTP-N;- R6G  (6) cleavage of N;-R6G and 3'-CH,N; group;
(7) incorporation of 3'-O N3z-dGIP and ddGTP-Nj;-Cy5 and;
(8) cleavage of N;-dGTP and 3'-CH,N; group; inmages (9)
to (63) are simlarly produced. (o A plot (4-color

sequenci ng dat a) of raw fl uorescence em ssi on
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intensity obtained by wusing 3'-0N3-dNTPs and Ns;-
f 1 uor ophores . The small groups of peaks between the
identified bases are fluorescent background from the
DNA chi p.

Figures 22. A plot (four-color sequencing data) of raw
fluorescence emssion intensity obtained by using 3'-
O N3- dNTPs and  ddNTP- N3-f | uor ophores at the four
designated em ssion wavel engths of the four cleavable
fluorescent dideoxynucl eotides

Fi gure 23. "Wal king" Strategy 1

Figure 24. Structures of the nucleotide reversible

term nators

Figure 25. Structures of cleavable fluorescent

di deoxynucl eotide term nators

Figure 26. Hybrid SBS schene

Figure 27. Tenplate "Walking" Method 1

Figure 28. Tenplate "Wlking" Method 2

Figure 29. Tenplate "Walking" Method 3

Figure 30. Tenplate "WAlking" Method 4

Figure 31. Tenplate "Walking" Method 5



WO 2009/051807 PCT/US2008/011891

10

15

20

25

30

29

Figure 32. Structures of the nucleotide reversible
term nat ors, 3' -ON 5-dATP, 3'-O-N ;-dCTP, 3'-ON 5-dGIP,

3'-ON ,-dTTP

Fi gure 33. Structures of cl eavabl e f1 uorescent

di deoxynucl eot i de term nators ddNTP-N 4- f | uor ophores,
with t he 4 fluorophores havi ng di stinct fl uorescent
eni ssi ons: ddCTP-N ;- Bodi py- FL- 510 (Agbs (mx) = 502 nm A,
(g = 510 nm , ddUTP-N 3-R6G  (Agps (mg = 525 nm A . (m
= 550 nm) , ddATP-N ;-ROX (A, (mx) = 585 nm A, (mxg = 602
nm , and ddGTP-N 3-Oy5  (Agps (g = 649 nm A, (mx) = 670
nm

Figure 34. (A Staudinger reaction with TCEP to
regenerate the 3'-OH group of the DNA extension

product . (B) Staudi nger reaction with TCEP to cleave
the Nj;- fluorophore from the dideoxynucleotide.

Fi gure 35. Four - col or DNA sequenci ng by the hybrid

SBS approach

Fi gure 36. Four - col or DNA sequenci ng by the hybrid

SBS after tenplate "wal ki ng"

Fi gure 37. Gener al Scheme for SBS with C F-NRTs

Fi gure 38. Structure of 3'-0ON 3-dNTPs-N ;- fluorophore

Fi gure 39. Four - col or DNA SBS with 3'-ON ;-dNTPs-N -

f 1 uor ophore. (A A SBS with GCF-NRTs schene for four-

color sequencing on a chip by using four 3'-ON ;-dNTPs-
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Ns- f 1 uor ophore

(B)

the SBS:

FI -510 and

Four - col or
(1)
3' - O Nj- dCTP;
510 and 3'-CH,N; group;
dATP- N - Rox

and

and

and 3'-CH;Nz group;

(O A

fl uorescence
0- N3- dNTPs- N 5- f | uor ophor e
groups  of

fl uor escent

Fi gure 4o0.
C- F- NRTs

Figure 41.
C- F- NRTs

Figure 42.
C- F- NRTs

Fi gure 43.
F- NRTs

Fi gure 44.
F- NRTs

Fi gure 45.

Fi gure 46.
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Detai |l ed Description of the |Invention

Terns

As used herein, and unless stated otherw se, each of
the following terns shall have the definition set

forth bel ow

A - Adeni ne;

C - Cyt osi ne;

DNA - Deoxyri bonucl ei ¢ aci d;

G - Quani ne;

RNA - R| bonucl eic aci d;

T - Thym ne; and

U - Uracil.

"Nucleic acid" shall nmean any nucleic acid nolecule,
i ncl udi ng, wi t hout limtation, DNA, RNA and hybrids

thereof. The nucleic acid bases that form nucleic acid
nmol ecules can be the bases A, ¢, G, T and u, as well

as derivatives thereof. Derivatives of these bases are

wel | known in the art, and are exenplified in PCR
Syst ens, Reagent s and Consumabl es (Perkin El mer
Cat al ogue 1996- 1997, Roche Mol ecul ar Syst ens, I nc.,

Branchburg, New Jersey, USA)

"Type" of nucleotide refers to A, G, c, T or U. "Type"
of base refers to adenine, guani ne, cyt osi ne, ur aci |

or thym ne.
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"Mass tag" shal | mean a nol ecul ar entity of a
predeterm ned size which is capable of being attached

by a cleavable bond to another entity.

"Solid substrate” shal | mean any suitable rmedium
present in the solid phase to which a nucleic acid or
an agent may be affixed. Non-limting exanples include

chi ps, beads and col ums.

"Hybri di ze" shal | mean t he anneal i ng of one
single-stranded nucleic acid to another nucleic acid
based on sequence conplenentarity. The propensity for
hybri di zati on between nucleic acids depends on the
tenperature and ionic strength of their mlieu, t he
length of the nucleic acids and the degree of
conpl ementarity. The effect of these paranmeters on
hybridi zation is well known in the art (see Sanbrook J,

Fritsch EF, Maniatis T. 1989. Mblecular cl oni ng: a

| aboratory manual. Cold Spring Harbor Laboratory Press,
New York. )
Where a range of values is provided, it is understood

that each intervening value, to the tenth of the wunit
of the lower limt unless the context clearly dictates
otherwi se, between the upper and lower [|imt of that
range, and any other stated or intervening value in
that stated range, is enconpassed wthin the invention.
The upper and lower limts of these smaller ranges nmay
i ndependently be included in the smaller ranges, and
are also enconpassed wthin the invention, subject to

any specifically excluded Ilimt in the stated range.
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Were the stated range includes one or both of the
limts, ranges excluding either or both of those

included limts are also included in the invention.

Enbodi nents of the |nvention

A conposition is provided having a first, second and
third portion wherein the second portion has the
followi ng structure:

O

o
\O

O/\B
N3 , wher ei n a
represents a point of attachment to the first portion
and [ represents a point of attachnment to the third

portion .

omay be directly linked to the first portion, e.g.

conprising a base, or bonded to the, for exanple base

via, e.g. an alkynylene. pmy be directly linked to
the third portion, e.g. a detectable marker, or bonded

to the third portion, for exanple via another group.

In an enbodi nent t he first portion is a
deoxynucl eotide or a dideoxynucleotide and the third
portion is a detectable marker. In an enbodinment the
det ect abl e mar ker is a fluorescent dye. In an

enbodi nent the deoxynucl eotide or dideoxynucl eoti de
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conprises a nethylazido group attached to a 3* 0 atom
t her eof .

In an enbodi nent the conposition has the structure::

0 o} o)
o | |
0—P—0—P—0—FP
| | |
o] o} 0
5
o) o) o)
I I |
o—T—o—T—o—T——o o
o) o- o-
0 N
AP ,
o
o
o} //
o/Dye
HN
JJ-
o 0 o ° ¥
o | I
o—T——o——T—-o—T—o o
0" o o
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NH, // oye
/l\ | N

o
|
O—1—0
|
(o]
I
O— D=0
]
o]
|
O—1v—0
|
(o]

14

wherein the dye in each structure is a fluorescent dye.

In an enbodi ment the conposition has the structure:
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(o]

ou
s

o o o o” N
Ho-bo-bo
| ] i o
o’ o- o-
or
o]
H. / ©
NH, "
/ 0/\/N
N ,
[o] Q [ O)\N
| I Il
o—P—o—T—o—Fl’-—o o
(l) o] o
A
5
A method is provided for determning the identity of
each of a series of consecutive nucleotide residues in
a nucleic acid conprising:
a) contacting the nucleic acid wth (i) at | east
10 four different deoxynucleotide triphosphate (dNTP)

anal ogues, each having the structure:

o
o
o

OR
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wherein F is a fluorophore, b is a base which is
adeni ne, guani ne, cyt osi ne, ur aci | or thym ne,

wherein the fluorophore attached through a Iinker
to each type of base differs in its enission or
excitation spectra from a fluorophore attached to
each of the remaining types of bases, and each of
t he f our dNTP anal ogues differs from the
remai ni ng three dNTP analogues * by having a
di fferent base, and wherein L is a cleavable

linker molecule conprising the structure:

@)

™~

o/\B

N3

’

wherein o represents a point of attachnent to the

base and [3 represents a point of attachment to the
fl uor ophor e, and wher ei n R is a cl eavabl e
cheni cal group, (ii) a nucleic acid polynerase
and (iii) a nucleic acid primer which hybridizes
with the nucleic acid,

under conditions permtting one of the four dNTP
anal ogues t hat is conpl enent ary to t he
consecutive nucleotide residue to be identified
to form a phosphodiester bond with the 3' end of
the nucleic acid priner and thereby extend the

pri mer;
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d)

a)
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identifying the fluorophore of the dNTP anal ogue
which has formed the phosphodi ester bond, thereby
identifying the consecutive nucleotide;

contacting the dNTP anal ogue which has formed the
phosphodi est er bond W th tris(2-
car boxyet hyl ) phosphi ne so as to thereby (1)
cl eave t he fl uorophore and (2) cl eave t he
cl eavabl e chenmical group from the dNTP;
iteratively repeating steps a) through «¢) for
each of the consecutive nucleotide residues to be
identified until the final consecutive nucleotide
residue is to be identified;

repeating steps a) and b) to identify the final
consecutive nucleotide residue,

thereby determning the identity of each of the
series of consecutive nucleotide residues in the

nucl ei ¢ aci d.

A nmethod is provided for determning the identity of
each of a series of consecutive nucleotide residues in

a self-primng nucleic acid conprising:

contacting the self-priming nucleic acid with (i)
at | east four di fferent deoxynucl eot i de
tri phosphate (dNTP)  anal ogues, each having the

structure:

OR
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wherein F is a fluorophore, b is a base which is
adeni ne, guani ne, cyt osi ne, ur aci | or thym ne,

wherein the fluorophore attached through a |inker
to each type of base differs in its emssion or
excitation spectra from a fluorophore attached to
each of the remaining types of bases, and each of
t he f our dNTP  anal ogues differs from the
remai ni ng three dNTP anal ogues by having a
di fferent base, and wherein L is a cleavable
I i nker nolecule conprising the structure:

0]

o
\O

O/\B

N3

’

wherein o represents a point of attachnment to the

base and [3 represents a point of attachnent to the
f I uor ophor e, and wherein R is a cleavable
chem cal group, and (ii) a nucl ei c acid
pol yner ase,

under conditions permtting (a) the self-primng
nucleic acid to prinme itself and (b) one of the
four dNTP anal ogues that is conplenentary to the
consecutive nucleotide residue to be identified
to form a phosphodiester bond with the 3* end of
the self-priming nucleic acid prinmer and thereby

extend the self-primng nucleic acid,
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b) identifying the fluorophore of the dNTP anal ogue
which has forned the phosphodiester bond, thereby
identifying the consecutive nucleotide;

c) contacting the dNTP anal ogue which has forned the
phosphodi est er bond with tris(2-
car boxyet hyl ) phosphi ne so as to thereby (1)
cl eave t he f I uor ophore and (2) cl eave t he
cl eavabl e chemical group from the dNTP;

d) iteratively repeating steps a) through <c¢) for
each of the consecutive nucleotide residues to be
identified until the final consecutive nucleotide
residue is to be identified;

e) repeating steps a) and b) to identify the final
consecutive nucleotide residue,
thereby determning the identity of each of the
series of consecutive nucleotide residues in the

self-primng nucleic acid.

In an enbodi ment of the instant nethods, steps b) and
c) can be performed sinultaneously, or in the order
step b) then step c¢) or in the order step c) then step
b) . In an enbodi ment of the instant nethods, t he
nucleic acid is DNA and the nucleic acid polynerase is
a 9°N thernopol ynerase . In an enbodi ment of the instant
nmet hods, the cleavable chemcal group is a nethylazido
group. In an enbodinment of the instant nmethods, the

four dNTP anal ogues have the follow ng structures:
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In an enbodinment the four dNTP analogues have the
foll owi ng structures:
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In an enbodinent wup to 1000 consecutive nucleotides

are identified. In an enbodi nment up to I xI O4
consecutive nucl eoti des are identified. In an
enbodinent up to |IxI108 consecutive nucleotides are
i dentified. In an enbodi nent the nucleic acid is
imobilized on a solid surface. In an enbodinent the

solid surface is a chip or a bead.

A kit is provided for use in sequencing a nucleic acid

conpri si ng:
a) a plurality of four nucleotide analogues having

the structure:
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5 (b) instructions for use.

In an enbodi nent four nucleotide analogues having the

followi ng structures:
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S An array is provided conprising a nucleic acid

attached to a solid surface, wherein the nucleic acid
conprises an azidonmethyl group attached to a 3° O atom
t hereof and a nol ecule having the structure:

(0]

o
\O

O/\B
N3

10 wherein a represents a point of attachnent to a 3

base of the nucleic acid and [} represents a point of

attachment to a detectable marker.

An array is provided conprising a self-primng nucleic
15 acid attached to a solid surface, wherein the nucleic
acid conprises an azidonethyl group attached to a 3* O

atom thereof and a nol ecule having the structure:
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o/\B
N3

wherein o represents a point of attachnment to a 3

base of the nucleic acid and [ represents a point of

attachnment to a detectable marker.
In enbodi nent the detectable marker is a fluorophore.

A nethod is provided for increasing a read length of
DNA sequencing by synthesis conprising (a providing
deoxynucl eotide triphosphate analogues wherein the
deoxynucl eotide triphosphate analogues differ from
deoxynucl eotide triphosphates by having a nethylazido
group attached to a 3* 0 atom thereof and by having a
detectable marker attached to a 1 nitrogen or a 9
nitrogen of a base thereof through a linker conprising
the structure
(0]

o
\O

o/\B

N3

14

wherein a represents a point of attachment to a the

base and [ represents a point of attachnent to the
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detectable nmarker, (b) incorporating a plurality of
the deoxynucl eoti de tri phosphate anal ogues into a

nucleic acid being synthesized in the DNA sequencing
by synthesis, and (c¢) cleaving the nethylazido and
detectable marker from each dNTP anal ogue, so as to
thereby increase the read length of the DNA sequence

by synthesis.

A method for determining the identity of each of a
series of consecutive nucleotide residues in a nucleic

acid conpri sing:
a) contacting the nucleic acid wth (i) at |[east
four different deoxynucleotide triphosphate (dNTP)

anal ogues, each having the structure:

|

o]
O—'|D=O

O

OR
wherein F is a fluorophore, b is a base which is

adeni ne, guani ne, cyt osi ne, ur aci | or thym ne,
wherein the fluorophore attached through a I|inker
to each type of base differs in its emssion or
excitation spectra from a fluorophore attached to
each of the remaining types of bases, and each of
t he four dNTP anal ogues differs from the
r emai ni ng three dNTP anal ogues by having a
di fferent base, and wherein L is a cleavable

linker nolecule conprising the structure:
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d)

e)
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o) N3 0
)J\/ )\/0 N
a O N
\N \/\O N/\/ \[5
H H

14

wherein o represents a point of attachnent to the

base and 3 represents a point of attachment to the
fl uor ophore, and wher ei n R is a cl eavabl e
chem cal group, (ii) a nucleic acid polynerase
and (iii) a nucleic acid priner which hybridizes
with the nucleic acid,

under conditions permtting one of the four dNTP
anal ogues t hat is conmpl enent ary to t he
consecutive nucleotide residue to be identified
to form a phosphodiester bond with the 3* end of
the nucleic acid primer and thereby extend the
pri mer;

identifying the fluorophore of the dNTP anal ogue
which has formed the phosphodi ester bond, thereby
identifying the consecutive nucleotide;

contacting the dNTP anal ogue which has fornmed the
phosphodi est er bond Wi th tris(2-
car boxyet hyl ) phosphi ne so as to thereby (1)
cl eave t he fl uor ophore and (2) cl eave t he
cl eavable chenical group from the dNTP;
iteratively repeating steps a) through «¢) for
each of the consecutive nucleotide residues to be
identified wuntil the final consecutive nucleotide
residue is to be identified;

repeating steps a) and b) to identify the final

consecutive nucleotide residue,
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thereby deternmining the identity of each of the

series of consecutive nucl eoti de resi dues in the

nucl ei ¢ aci d.

5 A nmethod for determning the identity of each of a
series of consecutive nucleotide residues in a self-
primng nucleic acid conprising:

a) contacting the self-primng nucleic acid with (i)
at . |east four di fferent deoxynucl eoti de

10 tri phosphate (d'NTP) anal ogues, each having the
structure :

O—1v—0

OR
wherein F is a fluorophore, b is a base which is

adeni ne, guani ne, cyt osi ne, ur aci | or thym ne,
15 wherein the fluorophore attached through a |inker
to each type of base differs in its enmission or
excitation spectra from a fluorophore attached to
each of the remaining types of bases, and each of
t he four dNTP anal ogues differs from the
20 remai ni ng three dNTP anal ogues by having a
di fferent base, and wherein L is a cleavable

i nker nolecule conprising the structure:

(0] Nj (0]
)1\/ )\/ N
o O O N
~N ~ o NT NN
H H

’
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c)

d)

e)
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wherein o represents a point of attachnment to the

base and P represents a point of attachnent to the
fl uorophore, and wher ei n R is a cl eavabl e
cheni cal group, and (i) a nucl ei ¢ acid
pol yner ase,

under conditions permtting (a) the self-primng
nucleic acid to prinme itself and (b) one of the
four dNTP analogues that is conplenentary to the
consecutive nucleotide residue to be identified
to form a phosphodiester bond with the 3* end of
the self-priming nucleic acid primer and thereby
extend the self-primng nucleic acid;

identifying the fluorophore of the dNTP anal ogue
which has formed the phosphodi ester bond, thereby
identifying the consecutive nucleotide;

contacting the dNTP anal ogue which has forned the
phosphodi est er bond W th tris(2-
car boxyet hyl ) phosphi ne so as to thereby (1)
cl eave t he fl uorophore and (2) cl eave t he
cl eavabl e chem cal group from the dNTP;
iteratively repeating steps a) through «¢) for
each of the consecutive nucleotide residues to be
identified wuntil the final consecutive nucleotide
residue is to be identified;

repeating steps a) and b) to identify the final

consecutive nucleotide residue,

thereby determning the identity of each of the

series of consecutive nucleotide residues in the

self-primng nucleic acid.
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In an enbodinment of the instant nethods, steps b) and
c) can be perforned sinultaneously, or in the order
step b) then step c¢) or in the order step c¢) then step
b). In an enbodinent of the instant nethods, t he
5 nucleic acid is DNA and the nucleic acid polynerase is
a 9°N thernopol ynerase . In an enbodi nent of the instant
nmet hods, the cleavable chemcal group is a nethylazido
group. In an enbodinent of the instant nethods, the

four dNTP anal ogues have the follow ng structures:
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In an enbodinment the four dNTP anal ogues have the
s follow ng structures:
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In an enbodinment up to 1000 consecutive nucleotides
are identified. I'n an  enbodi nment up to | xI O4
consecutive nucl eoti des are i dentified. In an
enbodinment up to [IxIO% consecutive nucleotides are
identified. In an enbodi nment the nucleic acid is
i mobilized on a solid surface. 1In an enbodinent the

solid surface is a chip or a bead

A nmethod for determining the identity of each of a
series of consecutive nucl eoti de resi dues in a
plurality of nucleic acids conprising, the sane series

of consecutive nucleotides conprising:
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a) contacting the nucleic acids wth (i) at |east

four di fferent di deoxynucl eoti de tri phosphat e

(ddNTP) anal ogues, each having the structure:

L F

wherein F is a fluorophore, L is a cleavable

linker molecule and b is a base which is adenine,

guani ne, cytosine, wuracil or thymine, wherein the
fluorophore attached through a linker to each
type of base differs in its em ssi on or

excitation spectra from a fluorophore attached
through a linker to each of the remaining types
of bases, and each of the four ddNTP anal ogues
differs from the remaining three ddNTP anal ogues
by having a different base, and wherein L

conmprises the structure:

“\”Jv )v \Q)K,/\/”

wherein o represents a point of attachment to the

4

base of the dideoxynucleotide and [ represents a
poi nt of attachnment to the fluorophore, and

(ii) at | east four di fferent deoxynucl eoti de
tri phosphat e (dNTP) anal ogue, each having the

structure :
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b
0 0 0
I I |
o.—P—O——P-——O—T—O o
bobod
OR

wherein b is a base which is adenine, guani ne,
cytosine, wuracil or thymne, and each of the four
dNTP anal ogues differs from the remaining three
dNTP anal ogues by having a different base, and
wherein R is a cleavable chenmical group,

(iii) a nucleic acid polynerase and (iv) at |east
two priners each of which  hybridizes with a
separate nucleic acid of the plurality of nucleic
aci ds,

under conditions pernmtting a ddNTP anal ogue that
is conplenentary to the consecutive nucl eoti de
residue in the nucleic acid to be identified to
form a phosphodi ester bond with the 3' end of one
of the prinmers and a dNTP anal ogue t hat is
conpl enent ary to t he consecutive nucl eoti de
residue to be identified to form a phosphodiester
bond with the 3' end of another of the priners;
identifying the fluorophore of the ddNTP anal ogue
which has formed the phosphodiester bond thereby-
i dentifying t he identify of the consecutive
nucl eot i de;

cleaving the fluorophore from the ddNTP anal ogue
which has forned the phosphodiester bond and
cleaving the cleavable chem cal group from the

dNTP which has fornmed the phosphodi ester bond;
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d) iteratively repeating steps a) through <¢) for
each of the consecutive nucleotide residues to be
identified until the final consecutive nucleotide
residue is to be identified;

e) repeating steps a) and b) to identify the final
consecutive nucleotide residue,

thereby determining the identity of each of the

series of consecutive nucleotide residues in the

nucl eic acid.

A nethod for deternmining the identity of consecutive
nucl eotide residues in a self-prinming nucleic acid

conpri si ng:

a) contacting the nucleic acids wth (i) at |east
f our di fferent di deoxynucl eoti de tri phosphat e

(ddNTP) anal ogues, each having the structure:

L F
b
00
o_—P—o——P—O—T-—o o
oLl
wherein F is a fluorophore, L is a cleavable

linker npblecule and b is a base which is adenine,

guani ne, cytosine, wuracil or thymne, wherein the
fluorophore attached through a linker to each
type of base differs in its enm ssi on or

excitation spectra from a fluorophore attached
through a linker to each of the remaining types
of bases, and each of the four ddNTP anal ogues

differs from the remaining three ddNTP anal ogues
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by having a different base, wherein L conprises

the structure:

O
Ol\N)J\/o )\/ \@*N/\/N
H

,Wherein O represents a point of attachnent

the base of the dideoxynucleotide and [ represents

a point of attachnment to the fluorophore, and

(ii) at | east f our di fferent deoxynucl eot i de
tri phosphat e (dNTP) anal ogue, each having the
structure :
b
01
o-—P—O0—P—0 .‘ —0 o
- - O-
OR

wherein b is a base which is adenine, guani ne,
cytosine, wuracil or thymne, and each of the four
dNTP anal ogues differs from the remaining three
dNTP analogues by having a different base, and
wherein R is a cleavable chenical group,

(iii) a nucleic acid polynerase and (iv) at |east
two priners each of which  hybridizes with a
separate nucleic acid of the plurality of nucleic
aci ds,

under conditions permtting a ddNTP anal ogue that
is conplenentary to the consecutive nucl eoti de
residue to be identified to form a phosphodiester
bond with the 3' end of one of the self-primng

nucl ei c aci ds and a dNTP anal ogue t hat is
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conpl enent ary to t he consecutive nucl eoti de
residue to be identified to form a phosphodi ester
bond with the 3' end of another of the self-
primng nucleic acids;

b) identifying the fluorophore of the ddNTP anal ogue
which has fornmed the phosphodi ester bond thereby
i dentifying the identify of the consecutive
nucl eoti de;

c) cleaving the fluorophore from the ddNTP anal ogue
which has forned the phosphodiester bond and
cleaving the <cleavable chemcal group from the
dNTP which has fornmed the phosphodi ester bond;

d) iteratively repeating steps a) through «¢) for
each of the consecutive nucleotide residues to be
identified until the final consecutive nucleotide
residue is to be identified;

e) repeating steps a) and b) to identify the final
consecutive nucleotide residue,

thereby determning the identity of each of the

series of consecutive nucleotide residues in the

nucl ei c acid.

In an enbodi ment of the instant nethods, steps b) and
c) can be perfornmed sinultaneously, or in the order
step b) then step c) or in the order step c) then step
b). In an enbodinent of the instant nethods, t he
nucleic acid is DNA and the nucleic acid polynerase is
a 9°N thernopolynerase . In an enbodi nent of the instant

nmet hods, the cleavable chemcal group is a nethylazido

group.
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In an enbodinent of the instant nethods, the four
ddNTP anal ogues have the follow ng structures:
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In an enbodi nent, the four dNTPs have the
15 structures:

fol |l owi ng
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5 In-an embodiment the four ddNTP analogues have the
following structures
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In an enbodinment wup to 1000 consecutive nucleotides
are identified. In an enbodi nent up to IxlIO4
consecutive nucl eoti des are i dentified. In an
enbodinent up to |IxIO8 consecutive nucleotides are
i dentified. In an enbodi nent the nucleic acid is
i mobilized on a solid surface. In an enbodinent the

solid surface is a chip or a bead.

A kit is provided for use in sequencing a nucleic acid
conprising :
b) a plurality of four nucleotide analogues having

the structure:
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(by a plurality of deoxynucl eoti de anal ogues havi ng

the structure:
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and
5 (c) instructions for use.

In an embodiment, four dideoxynucleotide anaogues
having the following structures

P00 "
—P—0—p—0—P—0 o
10 0o° o o



WO 2009/051807 PCT/US2008/011891

67

wn
O——'TJ=O
7
O——‘lﬂ-’-O
i
O—'|U=O
(o]
(2

10

An array is provided conprising a nucleic acid
attached to a solid surface, wherein the nucleic acid
conprises an azidonethyl group attached to a 3' 0 atom

15 thereof and a nol ecule having the structure:
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wherein o represents a point of attachment to a 3

base of the nucleic acid and B represents a point of

attachnent to a detectable narker.

An array is provided conprising a self-primng nucleic
acid attached to a solid surface, wherein the nucleic
acid conprises an azidomethyl group attached to a 3 O
atom thereof and a nolecule having the structure:

G\HL /b \©/H\N/\/’“

wherein o represents a point of attachment to a 3

4

base of the nucleic acid and [ represents a point of

attachnent to a detectable narker.

In enbodi nent the detectable marker is a fluorophore .

A nethod is provided for increasing a read length of
DNA sequencing by synthesis coupled wth Sanger
di deoxynucl eoti de termnating reaction (a) providing
deoxynucl eot i de tri phosphate anal ogues wherein the
deoxynucl eot i de tri phosphate anal ogues differ from
deoxynucl eotide triphosphates by having a nethylazido
group attached to a 3' 0 atom thereof and providing
di deoxynucl eotide triphosphate analogues wherein the
di deoxynucl eotide triphosphate analogues differ from
di deoxynucl eotide triphosphates by having a detectable
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mar ker attached to a 1 nitrogen or a 9 nitrogen of a

base thereof through a l|linker conprising the structure

G\HL )\/ @JKN/\/”

wherein o represents a point of attachnent to a the

base and [ represents a point of attachnent to the
detectable marker and (b) incorporating a plurality
ratio of di deoxynucl eot i de tri phosphate to
deoxynucl eot i de tri phosphate anal ogues into a
nucleic acid being synthesized in the DNA sequencing

by synthesis.

This invention provides the instant nethod, wher ei n
the detectable bound to the base via a cleavable
i nker is a dye, a fluorophore, a chronophore, a
conmbi natorial fluorescence energy transfer tag, a nass
t ag, or an electrophore . Conbinatori al fl uorescence
energy tags and nethods for production thereof are
di scl osed in US. Pat ent No. 6, 627, 748, whi ch is

hereby incorporated by reference.

Detectable tags and nethods of affixing nucleic acids
to surfaces which can be used in enbodinents of the
met hods described herein are disclosed in US  Patent
Nos. 6, 664, 079 and 7,074,597 whi ch are her eby

i ncorporated by reference.

Thi s i nvention al so provides t he i nst ant met hod,

wherein the priner is a self-primng noiety.
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Thi s i nvention al so provides the instant nmet hod,

wherein the DNA is bound to a solid substrate. This
invention also provides the instant method, wher ei n
the DNA is bound to the solid substrate via 1,3-
di pol ar azi de- al kyne cycl oaddi tion chem stry. Thi s
invention also provides the instant method, wher ei n
the DNA is bound to the solid substrate via a
pol yet hyl ene gl ycol nol ecul e. This invention al so
provi des the instant nmet hod, wher ei n the DNA is
al kyne-1 abel ed. Thi s i nvention also provides t he
instant nethod, wherein the DNA is bound to the solid
substrate via a polyethylene glycol nolecule and the
solid substrate i's azi de-functipnal i zed. Thi s
invention also provides the instant method, wher ei n
the DNA is immobilized on the solid substrate via an
azi do I i nkage, an al kynyl I'i nkage, or bi oti n-

streptavidin i nteraction. | nobi |i zati on of nucleic
acids is described in Inmobilization of DNA on Chips
', edited by Christine Wttmann (2005), Spri nger

Ver | ag, Berlin, which is hereby i ncor por at ed by
reference. This invention also provides the instant

nmet hods, wher ei n the DNA is bound to the solid
substrate via a polyethylene glycol nolecule and the
solid substrate is azide-functionalized or the DNA is
i mobi | i zed on the solid substrate via an azido
I i nkage, an al kynyl l'i nkage, or biotin-streptavidin

interaction. In an enbodinent, the DNA or nucleic acid
is attached/bound to the solid surface by covalent

site-specific coupling chem stry conpatible wth DNA

Thi s i nvention al so provides the instant nmet hod,

wherein the solid substrate is in the form of a chip,
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a bead, a well, a capillary tube, a slide, a wafer, a
filter, a fiber, a porous nedia, or a columm. Thi s
invention also provides the instant met hod, wher ei n
the solid substrate is gold, quartz, silica, plastic,
glass, nylon, dianond, silver, netal, or polypropylene.
Thi s i nvention al so provi des t he i nst ant met hod,
wherein the solid substrate is porous. Chips or beads
my be made from materials comon for DNA nicroarrays,
for exanple glass or nylon. Beads/mncro-beads may be

in turn immbilized to chips.

Thi s i nvention al so provi des t he i nst ant met hod,

wherein about 1000 or fewer <copies of the DNA are
bound to the solid substrate. This invention also
provides the instant invention wherein 2xI07, 1xl0O/,
IxI 0% or IxIO% or fewer copies of the DNA are bound to

the solid substrate.

Thi s i nvention al so provi des t he i nst ant met hod,
wherein the nucleotide analogues conprise one of the

fl uorophores Cy5, Bodipy-FL-510, ROX and R6G

Thi s i nvention al so provi des t he i nst ant met hod,
wherein the DNA polynerase is a 9°N polynmerase or a
variant thereof. DNA polynerases which can be used in
the instant invention include, for exanple E.Coli DNA
pol yner ase I, Bact eri ophage T4 DNA pol yrer ase,
Sequenase™ Taq DNA pol ynerase and 9°N pol ynerase

(exo-) A485L/Y409V. RNA pol ynmerases which can be used
in t he i nst ant i nvention i ncl ude, for exanpl e,

Bacteri ophage SP6, T7 and T3 RNA pol ynerases.
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Met hods for production of cleavably capped and/or
cleavably linked nucleotide analogues are disclosed in
u. S. Pat ent No. 6, 664, 079, whi ch is her eby

i ncorporated by reference.

A nethod for determining the identity of each of a
series of consecutive nucleotide residues in a nucleic
acid conpri sing:
a) contacting the nucleic acid wth (i) at
| east f our di fferent deoxynucl eoti de

tri phosphat e (dNTP) anal ogues, each having the

structure :
L F
b
0 0 0]
| I I
o.—P—O—P—O—T—O o
IS
OR
wher ei n F is a fluorophore, b is a base

which is adenine, guani ne, cyt osi ne, ur aci |
or thymine, wherein the fluorophore attached
t hr ough a |inker to each type of Dbase
differs in its em ssi on or excitation
spectra from a fluorophore attached to each
of the remaining types of bases, and each of
the four dNTP analogues differs from the
remaining three dNTP analogues by having a
di fferent base, wher ei n L is a cleavable
i nker nmol ecul e, and R is a cleavabl e
chenmical group which is not hydrogen, (ii) a

nucleic acid polynerase and (iii) a nucleic
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acid pri mer whi ch hybri di zes W th t he
nucl eic acid,
under conditions permtting one of the four
dNTP analogues that is conplenentary to the
consecutive nucl eoti de resi due to be
i dentified to form a phosphodiester bond
with the 3' end of the nucleic acid prinmer
and thereby extend the prinmer;
b) identifying the fluorophore of the dNTP anal ogue
which has formed the phosphodiester bond, thereby

identifying the consecutive nucleotide;

c¢) cleaving the linker attaching the fluorophore of
the . dNTP anal ogue whi ch has f or med t he
phosphodi est er bond and cl eaving the cleavable

chenmical group from the dNTP;

d) iteratively repeating steps a) through <¢) for
each of the consecutive nucleotide residues to be
identified until the final consecutive nucl eoti de
residue is to be identified;

e) repeating steps a) and b) to identify the final
consecutive nucleotide residue,

f) denaturing the extended prinmer so as to de-
hybridize it from the nucleic acid

g) contacting the nucleic acid with (i) at least four

di fferent deoxynucl eot i de tri phosphat e (dNTP)
anal ogues, each conpri si ng an adenine, guani ne,
cyt osi ne, uracil, inosine or 5-nitorindole base and

each differing from a deoxynucleotide triphosphate by
having a cleavable chemical group attached to the 3
0-atom of the dNTP, (ii) a nucleic acid polynerase
and (iii) a second nucl ei c aci d pri mer whi ch

hybridizes with the nucleic acid, under conditions
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permtting one of the four dNTP analogues that s
compl ementary to the consecutive nucleotide residue
to be identified to form a phosphodiester bond wth
the 3' end of the second nucleic acid priner and
thereby extend the second priner;

h) cleaving the chemcal group from the 3' 0-atom of
the dNTP anal ogue which has forned the phosphodi ester
bond so as to thereby pernit i ncor poration of a
further dNTP  anal ogue into the extended second

nucleic acid prinmer;

i) iteratively repeating steps g) and h) wuntil the
second prinmer is extended up to and including a
resi due correspondi ng to the final consecuti ve

nucleotide residue identified in step e);
j) contacting the extended second prinmer with (i) at
least four different deoxynucl eoti de tri phosphate

(dNTP) anal ogues, each having the structure:

L F
b
(0] (@] (@]
| | I
o_—P—O—P-—-O—Fl’-—O o
bbb

OR
wherein F is a fluorophore, b is a base which is

adeni ne, guanine, cytosine, wuracil or thymne, wherein
the fluorophore attached through a linker to each type
of base differs in its emssion or excitation spectra
from a fluorophore attached to each of the remaining
types of bases, and each of the four dNTP anal ogues
differs from the remaining three dNTP analogues by

having a different base, wherein L is a cleavable
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linker nmolecule, and R is a cleavable chem cal group
which is not hydrogen, under conditions permtting one
of the four dNTP analogues that is conplenentary to
t he next consecutive nucl eoti de resi due to be
identified to form a phosphodiester bond with the 3
end of the extended second nucleic acid prinmer and
thereby further extend the second primer;

k) identifying the fluorophore of the dNTP anal ogue

which has formed the phosphodiester bond, thereby

identifying the consecutive nucleotide;

1) cleaving the fluorophore and the cleavable

chem cal group from the dNTP anal ogue which forned

the phosphodiester bond so as to thereby permt

incorporation of a further dNTP analogue into the

extended second nucleic acid priner;

m) iteratively repeating steps j) through 1) for

each of the consecutive nucleotide residues to be

identified wuntil the final consecutive nucleotide

residue is to be identified;

n) repeating steps j) and k) to identify the final

consecutive nucleotide residue,

so as to thereby determine the identity of each
of the series of consecutive nucleotide residues

in the nucleic acid.

In an enbodinment the linker in each of step a) and j)

i ndependently each conprise the structure:
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0]
o
\O
O/\B
N3

structure:

o) N; 0
a o 0] N
H H

wherein o represents a point of attachnent to the

; or the

base and B represents a point of attachnent to the
f I uor ophor e, and wherein R is a cleavable

chem cal group.

In an enbodinment a linker is cleaved by contacting the

[inker with tris (2-carboxyethyl) phosphine .

In an enbodi nent one or nor e i nkers are

phot ocl eavabl e or chemcally cleavable.

In an enbodinment one or nore chem cal groups are

phot ocl eavabl e or chem cally cleavable.

In an enbodinent R in the structures set forth in
steps a) and or j) is independently chosen from a -Nj

group or an allyl group.
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In an enbodinment the cleavable <chemical group in step
g) is independently chosen from a -N3 group or an allyl

group .

5 A nethod for deternmining the identity of each of a
series of consecutive nucleotide residues in a nucleic

acid conprising:

a) contacting the nucleic acid wth (i) at
| east f our di fferent deoxynucl eot i de
10 tri phosphate (dNTP) anal ogues, each having the
structure
L F
b

OR
wher ei n F is a fluorophore, b is a base

which is adenine, guani ne, cyt osi ne, ur aci |

15 or thymine, wherein the fluorophore attached
t hr ough a |inker to each type of Dbase
differs in its em ssi on or excitation

spectra from a fluorophore attached to each
of the remaining types of bases, and each of
20 the four dNTP anal ogues differs from the
remaining three dNTP analogues by having a

di fferent base, wher ei n L is a cleavable

i nker nmol ecul e, and R is a cleavable
chemical group which is not hydrogen, (ii) a
25 nucleic acid polynerase and (iii) a nucleic

acid pri nmer whi ch hybri di zes W th t he

nucl ei c acid,
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under conditions permtting one of the four
dNTP analogues that is conplenentary to the
consecutive nucl eoti de resi due to be
identified to form a phosphodiester bond
with the 3' end of the nucleic acid priner
and thereby extend the priner;
b) identifying the fluorophore of the dNTP anal ogue
which has fornmed the phosphodiester bond, thereby
identifying the consecutive nucleotide;
c) cleaving the linker attaching the fluorophore of
t he dNTP anal ogue whi ch has f or med t he
phosphodi est er bond and cl eaving the cleavabl e
chenical group from the dNTP;
d) iteratively repeating steps a) through «¢) for
each of the consecutive nucleotide residues to be
identified until the final consecutive nucleotide
residue is to be identified;
e) repeating steps a) and b) to identify the final
consecutive nucleotide residue,
f) denaturing the extended priner so as to de-
hybridize it from the nucleic acid;
g) contacting the nucleic acid wth (i) t hree
different types of deoxynucleotide triphosphate, (ii)
a nucleic acid polynerase and (iii) a second nucleic
acid primer which hybridizes wth the nucleic acid,
under conditions permtting one of the three dNTP
anal ogues that is conplenentary to the consecutive
nucl eoti de residue to be identified to form a
phosphodi est er bond with the 3* end of the second
nucleic acid priner and thereby extend the second

nucleic acid prinmer;
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h) contacting the nucleic acid wth (i) t hree
di fferent types of deoxynucl eotide tri phosphate, ,
wherein at |east one of the types of deoxynucleotide

tri phosphate is not used in step g), under conditions
permtting one of the three dNTP analogues that is
conplementary to the consecutive nucleotide residue
to be identified to form a phosphodiester bond wth
the 3 end of the extended second nucleic acid prinmer
and thereby further extend the second nucleic acid
pri mer;

i) repeating steps g) and nh) until the second nucleic
acid priner is extended up to and including a residue
correspondi ng to the final consecutive nucleotide
residue identified in step e)

j) contacting the extended second nucleic acid
pri mer w th (i) at | east f our di fferent

deoxynucl eotide triphosphate (dNTP) anal ogues, each

having the structure:

L F
b
O (@) (@]
| | I
o_—P——O———P—O—T—O o
oLl

OR
wherein F is a fluorophore, b is a base which is

adeni ne, guanine, cytosine, wuracil or thymne, wherein
the fluorophore attached through a linker to each type
of base differs in its emssion or excitation spectra
from a fluorophore attached to each of the remaining
types of bases, and each of the four dNTP anal ogues

differs from the remaining three dNITP analogues by
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having a different base, wherein L is a cleavable
linker nolecule, and R is a cleavable chemcal group
which is not hydrogen, wunder conditions permtting one
of the four dNTP analogues that is conplenentary to
t he next consecutive nucl eoti de resi due to be
identified to form a phosphodiester bond with the 3
end of the extended second nucleic acid prinmer and
thereby further extend the second priner;

k) identifying the fluorophore of the dNTP anal ogue

which has fornmed the phosphodiester bond, thereby

identifying the consecutive nucleotide;

1) cleaving the fluorophore and the cleavable

chem cal group from the dNTP anal ogue .which forned

the phosphodi ester bond so as to thereby permt

incorporation of a further dNTP analogue into the

extended second nucleic acid priner;

m) iteratively repeating steps j) through 1) for

each of the consecutive nucleotide residues to be

identified wuntil the final consecutive nucleotide

residue is to be identified;

n) repeating steps j) and k) to identify the final

consecutive nucleotide residue,

so as to thereby determning the identity of each
of the series of consecutive nucleotide residues

in the nucleic acid.

In an enbodinment in steps g) and h) the three types of
dNTPs are chosen from the group dATP, dCTP, dGIP, dTTP
or dlTP.

In an enbodinment the linker in each of step a) and j)

i ndependently each conprise the structure:
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O
a
\O
o/\B
N3

structure :

Q\SL )\/ \O/LNN”

wherein o represents a poi nt of attachnment to the

’ or the

base and P represents a point of attachment to the
fl uor ophore, and wherein R is a cleavable

chem cal group.

In an enbodinment a linker is cleaved by contacting the
linker with tris (2-carboxyethyl) phosphine .

In an enbodi ment one or nor e i nkers are

phot ocl eavabl e or chem cally cleavable.

In an enbodinment one or nore chem cal groups are

phot ocl eavabl e or chem cally cleavable.

In an enbodinent R in the structures set forth in
steps a) and or j) is independently chosen from a -Nj

group or an allyl group.
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In an enbodinment the cleavable chenmical group in step
g) is independently chosen from a -N; group or an allyl

group .

A nethod for determining the identity of each of a
series of consecutive nucleotide residues in a nucleic
acid conprising:
a) contacting the nucleic acid wth (i) at
| east f our di fferent deoxynucl eot i de

tri phosphat e (dNTP) anal ogues, each having the

structure
L F
_ b
(0] O 0]
| G
O-— P—0 P—O l' —0 o
- - O-
OR
wher ei n F is a fluorophore, b is a base

which is adenine, guani ne, cyt osi ne, ur aci |
or thymine, wherein the fluorophore attached
t hr ough a |inker to each type of Dbase
differs in its emn ssi on or excitation
spectra from a fluorophore attached to each
of the remaining types of bases, and each of
the four dNTP anal ogues differs from the
remaining three dNTP analogues by having a
di fferent base, wher ei n L is a cleavable
i nker nol ecul e, and R is a cleavable
chenmical group which is not hydrogen, (ii) a
nucleic acid polynerase and (iii) a nucleic
acid pri mer whi ch hybri di zes W th t he

nucl eic acid,
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under conditions pernitting one of the four
dNTP analogues that is conplenentary to the
consecutive nucl eot i de resi due to be
i dentified to form a phosphodiester bond
with the 3 end of the nucleic acid priner
and thereby extend the priner;

b) identifying the fluorophore of the dNTP anal ogue

which has fornmed the phosphodiester bond, thereby

identifying the consecutive nucleotide;

c) cleaving the |1i nker attachi ng the fluorophore of

t he dNTP anal ogue whi ch has f or med t he

phosphodi est er bond and cl eaving the cl eavable

chenical group from the dNTP;

d)y iteratively repeating steps a) through «¢) for

each of the consecutive nucleotide residues to be

identified until the final consecutive nucleotide

residue is to be identified;

e) repeating steps a) and b) to identify the final

consecutive nucleotide residue,

f) denaturing the extended ©priner so as to de-

hybridize it from the nucleic acid;

g) contacti ng the nucleic acid wth (i) t hree

different types of deoxynucleotide triphosphates, (ii)
a deoxynucl eoti de tri phosphat e anal ogue, differing
from a deoxynucleotide tri phosphat e by having a

cl eavabl e chemical group attached to the 3 0-atom of
the dNTP analogue and differing from the three
different types of deoxynucleotide tri phosphates by
having a different base therefrom (iii) a nucleic
acid polynerase and (iv) a second nucleic acid priner
whi ch hybri di zes w th t he nucl ei c aci d, under

conditions pernmitting one of the three dNIPs or the
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dNTP anal ogue t hat is compl ement ary to t he
consecutive nucleotide residue to be identified to
form a phosphodiester bond with the 3' end of the
second nucleic acid priner and thereby extend the
second nucleic acid prinmer;

h) cleaving the cleavable chemcal group from the 3'-
0-R group;

repeating steps g) and h) until the second nucleic
acid priner is extended up to and including a residue
correspondi ng' to the final <consecutive nucleotide

residue identified in step e)

i) contacting the extended second nucleic acid
pri mer wth (i) at | east f our di fferent

deoxynucl eotide triphosphate (dNTP) anal ogues, each

having the structure:

L F
b
O O (0]
I | I
o_—P—o—P—o—F|>—o o
bbbl

OR
wherein F is a fluorophore, b is a base which is

adeni ne, guanine, cytosine, wuracil or thymne, wherein
the fluorophore attached through a linker to each type
of base differs in its emssion or excitation spectra
from a fluorophore attached to each of the remaining
types of bases, and each of the four dNTP anal ogues
differs from the remaining three dNTP analogues by
having a different base, wherein L is a cleavable
linker nolecule, and R is a cleavable chemical group

which is not hydrogen, under conditions permtting one
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of the four dNTP analogues that is conplenentary to
t he next consecutive nucl eoti de resi due to be
identified to form a phosphodiester bond with the 3
end of the extended second nucleic acid prinmer and
thereby further extend the second priner;
j) identifying the fluorophore of the dNTP anal ogue
which has fornmed the phosphodiester bond, thereby
identifying the consecutive nucleotide;
k) cleaving the fluorophore and the cleavable
cheni cal group from the dNTP anal ogue which forned
the phosphodi ester bond so as to thereby permt
incorporation of a further dNTP analogue into the
extended second nucleic acid priner;
1) iteratively repeating steps j) through 1) for
each of the consecutive nucleotide residues to be
identified wuntil the final consecutive nucleotide
residue is to be identified;
m) repeating steps j) and k) to identify the final
consecutive nucleotide residue,
so as to thereby determine the identity of each
of the series of consecutive nucleotide residues

in the nucleic acid.

In an enbodinment in step g) the three types of dNTPs
are chosen from the group dATP, dCTP, dGIP and dTTP.

In an enbodinent the linker in each of step a) and j)

i ndependently each conprise the structure:
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o/\B
N3 , or the

structure:

o N3 0
o} 0) o) N
SN ~"o NT TN
H H

wherein o represents a point of attachnment to the

base and (3 represents a point of attachment to the
fl uor ophore, and wherein R is a cleavable

chem cal group.

In an enbodinent a linker is cleaved by contacting the

[inker with tris (2-carboxyethyl) phosphine .

In an enbodi nent one or nor e i nkers are

phot ocl eavabl e or chem cally cleavable.

In an enbodinent one or nore chemcal groups are

phot ocl eavabl e or chem cally cleavable.

In an enbodinent R in the structures set forth in
steps a) and or j) is independently chosen from a -Njg

group or an allyl group.
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In an enbodinment the cleavable chemical group in step
g) is independently chosen from the a -N; group or an

al Iyl group.

The methods described herein can be applied nutatis
mut andi s to sequencing RNA using the appropriate
ddNTPS or analogues thereof and dNTPS and anal ogues

t her eof

In the nethods, base-pairing conpl ementarity al | ows
the sequence of the extended priner or of the target

nucleic to be readily determ ned.

Dehybridize is understood by those skilled in the art
to nmean to disassociate the hybridized priner (or
extended strand thereof) from the target nucleic acid
Wi thout destroying the target nucleic acid and thus
permitting further hybridization of a second prinmer to
the target nucleic acid. Hybridization as used herein
in one enbodinent nmeans stringent hybridization, for
exanpl es as described in Sanbrook, J., Russell, D.W,

(2000) Mbolecular Coning: A Laboratory Mnual: Third
Edition .

Cold Spring Harbor Laboratory Press

"Type" of dNTP or ddNTP is used to distinguish dNTP or
ddNTPs conprising different bases.

Al | conbi nati ons of the wvarious el enent s descri bed

herein are within the scope of the invention.
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This invention wll be better understood by reference
to the Experinental Details which follow, but those
skilled in the art wll readily appreciate that the
specific experiments detailed are only illustrative of
5 the invention as described nore fully in the clains

which follow thereafter.
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Experinental Details

Azi do Modified Nucl eotide Anal ogs

VWiile both 3'-0OAllvyl-dNTPs and 3' -0 photocl eavebl e

l'i nker (PC) -dNTPs have offered concrete evidence for
their inplenmentation in sequencing by synthesis (SBS),
a new set of nucleotide analogs, nodified wth the
smal | azido group (N3), is investigated to seek
potential inprovenent over the current system There
are several advantages for wusing azido npiety as 3

capping group and also as a dye Ilinker (3 -0-Azido-

dNTPs- Azi do- Dye) , first and f or enpst bei ng t he
application of extrenely mld cleavage conditions. As
di scl osed her ei n, an exanple of t he St audi nger

reaction, an azido group can be effectively converted
into an amine wth phosphine in DNA-friendly aqueous
solution (35). This efficient reduction is further
enhanced t hr ough t he utilization of Tris(2-
Car boxyethyl) phosphine (TCEP), an odorless and stable
agent often wused to digest peptide disulfide bonds

(Fig. 1).

Simlar to al |yl and ni trobenzyl alterations
previously reported, two positions of the nucleotide
need to be nodified with the azido noiety to afford a
set of 3'-0 Azido-dNTPs- Azi do- Dye. The small azi do
methyl group (-CH,-N;) is used to cap the 3' position
of the sugar base while a novel azido I|inker connects
uni que fluorophores to the 5' position of CU and the

7' position of A/G (see novel structures in Fig. 2).
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Wth such a formulation the sane reagent (TCEP) can be
used to cleave the azido groups at both positions

si mul t aneous, al t hough the mechani sns of cleavage
differ slightly. According to Staudinger, TCEP reduces
t he azi do- net hyl capping group to methylamine at the
3' sugar base. Since the carbon of the nmethylamne is
highly unstable due to its position bet ween t wo
el ectron-w t hdrawi ng el enent s (oxygen and nitrogen) ,
the methylamine is hydrolyzed in the presence of water
that recovers the hydroxyl group at the 3' position.

For the azido Ilinker, the same Straudinger reduction
takes pl ace. However imrediately after the attachnent

of TCEP to azido, the internediate attacks the ester
bond to afford total cleavage of the fluorophore (Fig.

3).

In addition to the dual azido/azido nodification, an
alternative approach is to attach the fluorophore via
a PC (nitrobenzyl) linker while conserving the 3
capping with the azido nethyl group (3 -O Azido-dNTPs-
PC- Dye, Fig. 4) and cleaving the azido again using
TCEP.

The extension and detection steps for this set of
nucl eoti des are analogous to those for 3 -0-Azido-
dNTPs- Azi do- Dye . An additional photol ysis procedure
is involved during the deprotection step. This dual
cl eavage process might offer different advantages for

removing the fluorophore than the Staudinger reduction..
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An alternative sequencing nmethod that is a hybrid
between the Sanger dideoxy chain termnating reaction,

and SBS.

I n this appr oach, f our nucl eoti des, nmodi fi ed as
reversible termnators by capping the 3 -OH wth a
smal | reversible noi ety so that they are still

recogni zed as substrates by DNA pol ynerase, are used

in conbination with a smll per cent age of four
cl eavabl e fluorescent di deoxynucl eoti des to perform
SBS. DNA sequences are determ ned by the unique

fluorescence emssion of each fluorophore on the DNA
products term nated by ddNTPs. Upon renoving the 3'-CH
capping group from the DNA products gener at ed by
i ncor porating t he 3'-0-nodif ied dNTPs and t he
fluorophore from the DNA products termnated wth the
ddNTPs, t he pol ymer ase reaction reinitiates to

continue the sequence determnation (Fig. 5).

Using an azidonethyl group as a chemcally reversible
capping noiety in the 3'-Onodif ied dNTIPs, and an
azi do- based cl eavabl e l'i nker to attach t he
fl uor ophores to ddNTPs, four 3'-0O N;-dNTPs and four
ddNTP- N ;- f | uorophores were synthesized for the hybrid
SBS. The azidonethyl capping noiety on the 3'-0H group
and the cleavable fluorophore on the DNA extension
products are efficiently renoved after fluorescence
detection for sequence determnation wusing a chem cal
met hod that is conpatible to DNA Vari ous DNA
t enpl at es, including those wth honopol yner regi ons,
were accurately sequenced with read length of over 30

bases using this hybrid SBS nethod.
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Sequence by Synthesis with Tenplate "Wl king"

The fundanent al rationale behind priner resetting is
to regenerate the original priner site or to insert
two or nmore priner sites of known sequences into the
target DNA so SBS can be carried out at each site
sequential ly. In general, three steps are involved
with this approach: 1) annealing of the first priner,
2) performing SBS, 3) denaturing the sequenced section

of the tenplate to recover a single-stranded DNA for

the second prinmer annealing. These steps are carried
out repeatedly until the target DNA is sequenced in
its entirety. The advantage of priner resetting lies

in its ability to restore all the tenplates after the
denaturation step, including those that are term nated
with ddNTPs, so the next cycle of SBS can restart wth
potentially the sanme anmount of sequenceable DNA as the

previ ous round.

Three approaches for achieving longer read |engths
that rely on this tenplate "wal king" concept are
descri bed. In the first strategy, the DNA sequence is
reset by reattaching the original primer, ext endi ng
t he chai n Wi th nat ur al or mnimally nmodi fi ed
nucl eotides to the end of the first round sequence,

and then sequencing from that point. The second
strategy relies on annealing of a second round priner

that is longer than the first, <containing at its 5
end the sanme sequence as the original primer, followed
by a run of 20 universal nucleotides such as inosine,

from which the second round of sequencing can be
pri med. If the duplex stability of this highly

degenerate prinmer wth DNA tenplates is found to be
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low, a nunber of |ocked nucleotides can be added at
either end of the prinmer to increase the stability of
the priner-tenplate compl ex. In the third strategy,
extra primng sites are inserted wthin a tenplate
st rand Vi a Type 1S or Type 1 restriction-
recircul ari zati on. Each of these approaches has

di stinct advantages and sonme difficulties that need to

be overcone. None of the three af orenment i oned
strategies are sensitive to the type of library
(genom c, cDNA or ot her) , to t he nmet hod of

anplification prior to sequencing (spotting of clones,

ePCR, polony PCR) , or the node of sequencing (Hybrid
SBS and SBS wth GCFNRTs) . Hence they are all
sequence unbiased, thus greatly increasing their range

of applications in sequencing technol ogies.
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Results

Solution Extension with 3'-0O Azi do- dNTPs
To verify the feasibility of using azido-nodif ied
nucl eotides in SBS, a set of 3'-0 Azido-dNTPs (Fig. 6)

were first designed and synthesized.

Each nucleotide analog (3 -O Azido-dATP, mv=541; 3' -0

Azi do- dGTP, mv=558; 3' -0 Azi do- dCTP, mv=518; 3'-0O
Azi do- dTTP, mv=533) was i ncor por at ed into its
corresponding |ooped priner in solution wth nanganese
(M2+, 20 mM and the mutant 9°N Thernopol ynerase . The

extensions were carried out at 65°C for various tinme

spans ranging from 20 nminutes to 5 mnutes. Even with
t he short est reaction tinme of 5 mnutes, 100%
i ncor poration was confirnmed W th MALDI - TOF nmass

spectroscopy (Ms) by observing the total disappearance
of pri nmer peak (m z=7966) and the energence of
ext ended pr oduct peak (~m z=8320, Fi g. 7). After
obtaining the extended product for each nucleotide,
deprotection was carried out wth varying conditions
such as tine (1~20 minutes), tenperature (20~60°C) , and
concentration of TCEP (1-50MM. It was determ ned
that at 500C with 5nM of TCEP, the 3' azido nethyl
capping group could be renpbved conpletely under 5
mnutes. MALDI-TOF nmss spectroscopy was again used to

ascertain the results (Fig. 8).

3'-0O Azi do- dNTPs- Azi do Li nker-Dye
Solution Extension with 3'-0O Azi do-dNTPs- Azi do- Dye
IMmediately after establishing the protocol to work

with azido-nodified nucleotides in SBS, synthetic work
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for the set of 3'-0 Azido-dNTPs-Azido Li nker-Dye was
set forth. Two nucl eot i des, 3' -0 Azi do- dCTP- PC-
Bodi pyFL and 3' -0-Azi do-dUTP-PC-R6G  were successfully
synt hesi zed and characteri zed. To t est t he
i ncor poration of each nucleoti de, extension reactions

in solution, simlar to those wth 3'-0 Azi do-dNTPs,

were carried out wth |ooped prinmer (m z=7966) , 9°N
Ther nopol yner ase enzynme, and M2+ at 65°C for 25
m nut es. The products were verified through MALDI-TOF
MS (Fig. 9). After obtaining the extension products,

reducti on reactions wer e per f or med under vari ous
conditions to optimze the process. It was observed
that both azido Ilinker and 3* protection group were

removed with 100nM TCEP with pH=10 at 65°C for 25
mnutes (MALDI-TOF MS spectra in Fig. 10

Surface Extension with 3'-0O Azido-dNTPs- Azi do Linker-
Dye

As a part of the prelimnary study, the two chenmically
cl eavabl e fluorescent nucleotide analogs were used in
an SBS reaction to identify +the sequence of a self-
primed DNA tenplate (130 base pairs) imobilized on a
solid surface. A reaction mxture of 3'-0O Azido-dCTP-
Azi do- Bodi pyFL, 3' -0-Azi do-dUTP- Azi do- R6G, 3' -0- Azi do-
dATP, and 3' -0 Azi do- dGTP wer e pr epar ed for t he
i ncor poration. A synchroni zation step was perfornmed
with t he full set of 3' - O Azi do- dNTPs after
incorporation to extend any remmining primng strand.
After detection of the fluorescent signal, the chip
surface was immersed in reduction solution (100nM TCEP,
pH=10) and incubated for 25 nminutes at 65°C to cleave
both the fluorophore and 3'-0-Azido group. Upon
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confirmation of the renoval of fluorophore, the cycles
of extension, det ecti on, and reduction were repeated

to sequence the followi ng bases (Figs. 11 and 12).

SBS on Surface with 3'-0O Azi do- dNTPs- PC/ Azi do- Dye

Upon conpl eti ng the synthesis of both 3'-0-Azido-

dNTPs- PC- Dye and 3' - O Azi do- dNTPs- Azi do- Dye sets,

sequencing by synthesis of DNA tenplates attached on
solid surface wll be carried out. By carefully
optim zing incorporation and cleavage conditions, the
goal wll be the achievenent of maxi num base read

length of each tenplate w th high consistency.

PCR Product Attachment on Beads

To expand the efficiency and increase the throughput
of SBS, it is ideal to attach |large quantities of
different DNA tenplates to solid surface so that each
one of these tenplates <can be sequenced during a
single cycle of SBS simultaneously. One approach wll
be to affix PCR product on a single bead, and then
i mobilize copious anobunt of such beads on one (glass
chi p. Various types of beads, such as magneti c,
mel am ne, and sepharose, wll be tested in order to
sel ect one wth efficient at t achnent to surface,
durable stability during reaction cycles, and m ninal
unspecific absorption of fluorophores . By coupling
t he m cr o- beads chip W th t he azi do nmodi fi ed
reversible termnator nucleotides, SBS technology wll
reach t he next pl at eau of hi gh-t hr oughput DNA

sequenci ng.



WO 2009/051807 PCT/US2008/011891

10

15

20

25

30

97

Design and synthesis of 3' -0-nodified NRTs and cleavable

fluorescent dideoxynucleotide terminators for the hybrid

SBS.
Four 3' -0-azi donet hyl - nodi fi ed NRTs (3'-0-N3-dNTPs)
(Fig. 6) were synthesized and eval uated for the

hybrid SBS. The 3'-0O azidonethyl group on the DNA
extension product generated by incorporating each of
the NRTs was efficiently removed by the Staudinger
reaction by usi ng aqueous Tris (2-carboxyet hyl)
phosphi ne (TCEP) sol ution (36, 37) fol |l oned by
hydrolysis to yield a free 3'-OH group for elongating
the DNA chain in subsequent <cycles of the hybrid SBS
(Fig. 13A)

To denobnstrate the feasibility of <carrying out the
hybrid SBS on a DNA chip, four cleavable fluorescent
di deoxynucl eot i des ddNTP- N ;- f | uor ophor es (ddCTP- N ;-
Bodi py- FL- 510, ddUTP-N ;- R6G~ ddATP-N ;-ROX, and ddGIP-
N;- Cy5) were synthesized (Figs. 14-22). The ddNTP-N ;-
fluorophores would be conbined with the 4 NRTs (Fig. 6)
to perform the hybrid SBS. Mdified DNA polynerases
have been shown to be highly tolerant to nucleotide
nodi fications wth bulky groups at the 5 position of
pyrimdines (c and uU) and the 7 position of purines (A
and G) (27) . Thus, a unique fluorophore was attached
to the 5 position of CU and the 7 position of AG
through a cleavable Ilinker, which is also based on an
azido-nodif ied noiety (37) as a trigger for cleavage, a
mechanism that is simlar to the renoval of the 5 -0
azi donet hyl group (Fig. 13B) . The ddNTP- N ;-
fl uor ophores are found to efficiently i ncor porate

into t he gr owi ng DNA strand to termnate DNA
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synthesis for sequence determnination. The fl uorophore
on a DNA extension product, which is generated by
i ncorporation of the cleavable fluorescent ddNTPs, i's

renoved rapidly and quantitatively by TCEP from the

DNA extension product in aqueous solution.

Conti nuous pol ynerase extension by using 3'-Onodified
NRTs and characterization by MALDI - TOF Mass
Spectronetry

To verify that the 3'-ON3g~dNTPs incorporate accurately
in a base specific manner f our conti nuous DNA
extension reaction and cleavage were carried out in
solution by wusing 3'-0ON;-dNTPs as substrates. Thi s
allowed the isolation of the DNA product at each step
for detailed nolecular structure characterization as
shown in Fig. 19 The first extension product 5'-
prinmer-C-N ;~3° was desalted and analyzed using MNALDI -
TOF MS (Fig. 19(A). This product was then incubated
in aqueous solution to renmove the azidomethyl noi ety
to yield the cleavage product with a free 3'OH group,
which was also analyzed using MALDI-TOF MS (Fig.
19(B)). As can be seen from Fig. 19(A), the MALDI -TOF
MS spectrum consist of a distinct peak corresponding
to the DNA extension product 5'-primer-GN 33" (m z
8, 310), whi ch confirnms t hat t he NRT can be
i ncorporated base-specifically by DNA polynerase into
a growing DNA strand. Fig. 19(B) shows the cleavage
result on the DNA extension product. The extended DNA
mass peak at nlz 8,310 conpletely disappeared, whereas
the peak corresponding to the cleavage product 5' -

primer-C 3 appears as the sole dominant peak at mz
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8, 255, whi ch est abl i shes t hat TCEP i ncubati on
conmpl etely cl eaves the 3'-0 azidonethyl group with
high efficiency. The next ext ensi on reaction was

carried out by using this cleaved product, which now
has a free 3'-CH group, as a prinmer to yield a second
extensi on product, 5'-primer-CGN ;-3 (m z 8, 639; Fi g.
19C) . As described above, the extension product was
cleaved to generate product for further MS analysis
yielding a single peak at mz 8,584 (Fig. 19(D)). The
third extension reaction to yield 5'-prinmer-CGA-N 3-3'
(mz 8,952; Fig. 19(BJ), the fourth extension to yield
5'-prinmer-CGAT-N ;-3 (mz 9,256; Fig. 19(G) and their
cleavage to yield products (mz 8,897; Fig. 19(F)) and
(mz 9,201; Fig. 19(H) were simlarly carried out and
analyzed by MALDI-TOF MS. These results denpnstrate

t hat al | four 3' - O N;-dNTPs are successful ly
synt hesi zed and efficiently i ncor por at ed base-
specifically into the grow ng DNA strand in a
conti nuous pol yner ase reaction as reversible

termnators and the 3 -0H capping group on the DNA

extension products is quantitatively cleaved by TCEP.
Pol yrer ase ext ensi on by cl eavabl e fl uorescent
di deoxynucl eotide termnators and characterization by

MALDI - TOF Mass Spectronetry

To verify that the four cleavable fluorescent ddNTPs

(ddCTP- N - Bodi py- FL- 510, ddUTP- N ;- R6G, ddATP- N ;- ROX,
and ddGTP- N3- Cy5) (Fig. 14) are i ncor por at ed
accurately in a base-specific nmanner in a polynerase
reaction, si ngl e- base ext ensi on reacti ons with four

di fferent sel f-primng DNA tenpl ates whose next



WO 2009/051807 PCT/US2008/011891

10

15

20

25

30

100

conpl enent ary base was either A, c, G, or T were
carried out in solution. After the reaction, the four
different prinmer extension products were analyzed by
MALDI -TOF MS as shown in Fig. 20. Single clear nmnmss
peaks at 9, 180, 8, 915, 9, 317, and 9, 082 (m 2)
corresponding to each primer extension product wth no
| eftover starting materials were produced by using
ddNTP- N ,-f | uor ophor es (Fig. 20 A, ¢, E, and G). Brief
i ncubation of the DNA extension products in an aqueous
TCEP solution led to the cleavage of the [Iinker
tethering the fluorophore to the dideoxynucleotide
Fig. 20 B; b, F; and H shows the cleavage results for
the DNA products extended wth ddNTP-N ;-fluorophor es.
The nmass peaks at 9,180, 8,915, 9,317, and 9,082 {mz)
have conpletely di sappeared, wher eas single peaks
correspondi ng to the cleavage product s appear at
8,417, 8, 394, 8, 433, and 8,395 {mz), respectively.
These results denonstrate that cleavable fluorescent
ddNTPs are successfully synt hesi zed and efficiently
termnated the DNA synthesis in a polynmerase reaction
and that the fluorophores are quantitatively cl eaved
by TCEP. Thus, these ddNTP analogues neet the Kkey
requirenments necessary for performing the hybrid SBS

in conbination wth the NRTs.

4-Col or DNA sequencing by synthesis on a chip using
phot o cl eavabl e fl uorescent di deoxynucl eoti de /3" -
nodi fi ed photocl eavabl e nucl eotide conbination renmmant
of Sanger sequenci ng.

In the four-color hybrid SBS approach, the identity of
the incorporated nucl eoti de is deternned by the

uni que fluorescent enmission from the four fluorescent
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di deoxynucl eot i de term nators, while the role of the
3'-0-nodif ied NRTs is to further extend the DNA strand
to continue the determination of the DNA sequence.

Ther ef or e, the ratio between the anmount of ddNTP-N ;-
fluorophores and 3'-ON3-dNTPs during the polynerase
reaction det er m nes how  nuch of the  ddNTP-N ;-
fluorophores incorporate and thus the corresponding

fluorescent em ssion strength. Wth a finite anount

of i mobilized DNA tenplate on a solid surface,

initially the majority of the primng strands shoul d
be extended W th 3' - O N5- dNTPs, whil e a relative
smal ler  anount should be extended with ddNTP-N ;-
fluorophores to produce fluorescent signals that are
above the fluorescent detection systeml s sensitivity
t hreshol d for sequence determ nati on. As t he
sequencing cycle continues, the amount of the ddNTP-N ;-
f1 uor ophores need to be gradually i ncreased to
mai nt ai n t he fl uorescence em ssion strength for
det ecti on. Followi ng these qguidelines, we perfornmed
the hybrid SBS on a chip-imobilized DNA tenplate
using the 3'-0O N3-dNTP/ ddNTP-N ;- f | uorophore conbi nation
and the results are showmn in Fig. 21 The general

four-color sequencing reaction scheme on a chip is

shown in Fig. 21A

De novo sequencing reaction on the chip was initiated
by extending the self-primng DNA by using a solution
consisting of four 3'-ON3;-dNTPs and four ddNTP-N ;-
fluorophores, and 9°N DNA polynerase. The hybrid SBS
allows for the addition of all ei ght, nucl eoti de
substrates sinmultaneously to unanbiguously determ ne

DNA sequences. This reduces the nunber of steps
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needed to conplete the sequencing cycl e, whi | e
i ncreasi ng t he sequenci ng accuracy because of
conpetition anbng the substrates in the polynerase
reaction. The DNA products extended by ddNTP-N ;-
f 1 uor ophor es, after fl uorescence detection for
sequence determ nation and cleavage, are no |onger
i nvol ved in the subsequent pol yner ase reaction

cycles  because they are pernanently t er mi nat ed.

Therefore, further polynerase reaction only occurs on
a DNA strand that incorporates the 3'-O Nj-dNTPs,

whi ch subsequently turn back into natural nucleotide
on cleavage of the 3'-OH capping group, and should
have no deleterious effect on the polynmerase binding
to incorporate subsequent nucleotides for grow ng the
DNA chai ns. However , successive addition of the
previously designed cleavable fluorescent NRTs (22, 37,
38) into a gromng DNA strand during SBS leads to a
new y synthesized DNA chain with a |eftover propargyl

amno group at each nucleobase. This nmay interfere
with the ability of the enzyme to efficiently
incorporate the next incomng nucleotide, which wll

lead to loss of synchrony and thereby reduction in
the read length. This challenge mght potentially be
over cone by reengi neering DNA  pol yner ases t hat
efficiently recognize and accept the nodified DNA
strand, or by alternative design of the fluorescent

NRTs (39)

To negate any lagging fluorescence signal that is
caused by a previously unextended primng strand, a
synchroni zation step was added to reduce the anopunt

of unextended priming strands after the initial
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extension reaction shown in the scheme of Fig. 21A A
synchroni zati on reaction mixture consisting of just
t he four 3'-0-N;-dNTPs in relatively hi gh
concentration was  used along with the 9°N DNA
polynerase to extend, any remaining primng strands
that retain a free 3 -OH group to synchronize the

i ncorporation

The four-color images from a fluorescence scanner for
each step of the hybrid SBS on a chip is showmn in Fig,
21B, The first ext ensi on of the priner by the
conmpl enent ary fl uorescent ddNTP, ddCTP- N ;- Bodi py- FL-
510, was confirmed by observing a blue signal (the
enmi ssion from Bodi py~FL~510) [Fig. 21B (1)]. After
fluorescent signal detection, the surface was i nmrersed
in a TCEP solution to cleave both the fluorophore from
the DNA product extended with ddNTP-N ;- fluorophores
and the 3'-0O azidonethyl group from the DNA product
extended wth 3'-0-N3;-dNTPs . The surface of the chip
was then washed, and a negligible residual fluorescent
si gnal was detected, confirm ng cl eavage of the
fl uor ophore [Fig. 21B  (2)]. This was followed by
anot her extension reaction wth the 3'-O N;-dNTP/ ddNTP-
N5- f | uor ophore sol ution to incorporate t he next
nucl eoti de conplenentary to the subsequent base on the
tenpl at e. The entire process of i ncorporation,
synchroni zati on, detection, and cleavage was perforned
multiple times to identify 32 successive bases in the
DNA tenplate. The plot of the fluorescence intensity
vs. the progress of sequencing extension (raw four-
color sequencing data) is shown in Fig. 21C. The DNA

sequences are unanbiguously identified with no errors
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from the four-color raw fluorescence data w thout any
pr ocessi ng. Simlar four color sequencing data were

obtained for a variety of DNA tenplate (Fig. 22)

Strat egy 1: Tenpl ate "Wl ki ng" by Unl abel ed
Nucl eot i des

The fundanent al rationale behind this tenplate
"wal ki ng" strategy is the renoval of the sequenced

strand and reattaching of the original primer to allow
the extension, or wal ki ng, of the tenplate wth a
conbi nation of natural and nodified nucleotides to the

end of the first round sequence so that SBS can be

carried out from that point. Since the original
sequenced strand is stripped away, i ncluding those
t er m nat ed wi th ddNTPs, al | the tenplates becone
available for "wal ki ng". Gven that "wal king" is
carried out with ei t her nat ur al or 3' -nodi f ed
nucl eoti des, the subsequent round of SBS is perfornmed
on nascent DNA strands for naxinmum read |ength. The
advantage of tenplate "walking" is its ability to
restore all the tenplates after the denature step,

includes those that are termnated wth ddNTPs, so the
next cycle of SBS can restart wth potentially t he
same anmpunt of nascent DNA as the previous round. The
"wal ki ng" nethodology is applicable to both hybrid SBS
and SBS with C- F- NRTs, and has the potential to
dramatically increase the read lengths of these SBS

technologies (Fig. 23).

Tenpl ate "Wl king" for Hybrid SBS

1. Hybrid SBS (15t Round)
DNA sequencing by synthesis (SBS) on a solid surface

during pol yrer ase reaction of fers a paradi gm to
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efficiently deci pher mul tiple DNA sequences in
parallel. Hybrid SBS is a hybrid DNA sequencing nethod
between the Sanger dideoxy <chain termnating reaction
and SBS. In this approach, four nucleotides (Fig. 24)

nodified as reversible termnators by capping the 3'-
OH with a small reversible noiety so that they are
still recognized by DNA polynerase as substrates to
extend the DNA chain, are used in conbination wth a
smal | per cent age of f our cl eavabl e fl uorescent

di deoxynucl eoti des (Fig. 25) to perform SBS. Sequences
are determined by the unique fluorescence emssion of
each fluorophore on the DNA products termnated by
ddNTPs, while the role of the 3'-Onmodif ied dNTPs is
to further extend the DNA strand to continue the
determnation of the DNA sequence. Upon renoving the

3'-OH capping group from the DNA products generated by

i ncorporating t he 3'-Onodif ied dNTPs and t he
fluorophore from the DNA products termnated wth the
ddNTPs, t he pol yrer ase reaction reinitiates to
continue the sequence determ nation (Fig. 26). Such
i ncor porati on, fl uorescence nmeasur enent and dye
removal is repeatedly conducted wuntil the detectable
f1 uor escence intensity is not di st i ngui shabl e,
indicating a situation in which all the elongated
priners are termnated wth ddNTP. To overcone this
"hal t ed sequenci ng" due to ddNTP termnation, a

"wal king" step is carried out to reset the tenplates.

2. Tenplate "Wal king"
Imediately after the first round of SBS, all of the

elongated priners ended termnated wth ddNTPs are

renoved from the tenplate by denaturing. The
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tenplates are freed again and available for further
sequenci ng reactions. To achieve tenplate "walking",
the same starting priner is annealed to the tenplate
again and enzymatic incorporation is conducted to fill
the gap between first and second stages of SBS. Five
strategies are available for the walking process.
Each approach has its advantages and shortcom ngs,

which are sunmmarized in the follow ng.

Method 1. Nucleotide reversible terminators (3 -0-Ri-

dNTPs) are used as substrates to perform enzymatic

i ncorporation (Fig. 27) . After i ncorporation,
specific chemi cal reaction is applied to
regenerate 3'-0H to ensure t he subsequent
i ncorporation. The nunmber of repeated cycles of
such incorporation and cleavage wll exactly match

the actual read length in the first stage of SBS,
so that this "filling gap" incorporation stops at

the sane point where the |longest ddNTP primer

reaches.
Methods 2, 3, and 4. Enzymatic incorporation is
conduct ed usi ng two sets of nucl eoti des as

substrates (Fig. 28). For exanple, the first set
of nucl eoti des conmposed of dCTP, dATP, and dGIP
(sans dTTP) was used to perform incorporation, so
that the polynerase reaction stops once it reaches
a base "A in tenpl at e. Then enzymatic
incorporation is resuned with the second set of
nucl eoti des conposed of dTTP, dATP, and dGIP (sans
dCTP) , resulting in a polynerase reaction that

stops at the base "G in tenplate. The repeated
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cycles of such incorporations fill the gap between

first and second stages of SBS.

To nminimze the mis-incorporation rate, anot her
enzynme substrate which can be recognized but not
i ncor por at ed by the polynerase is assigned to
each set of nucleotides. For instance, iif the DNA
pol ynerase used can only incorporate dNTP but not
3" bl ocked nucl eot i des, 3-0OR -dTTP wi || be
conbined with dCTP, dATP and dGIP as the first
set, while 3'-OCR -dCTP will be conmbined with dTTP,
dATP and dGIP as the second set to elongate the
primer (Fig. 29) .

Al ternatively, deoxyri bonucl eot i des di phosphat e
can also play such role, replacing the 3'-ORi-

dNTPs, during enzymatic incorporation (Fig. 30).

Met hod 5. Enzymatic incorporation is conducted using

three dNTPs and anot her nucl eot i de reversi bl e

t er m nat or as substrates (Fig. 31). Pri mer
el ongati on will only be st opped once it
i ncor por at es nucl eoti de reversible term nator.

After incorporation, specific chem cal reaction

is applied to regenerate 3'-OH which ensure

consecuti ve i ncorporation of the next round.
Repeat ed cycl es of such i ncorporation and
cl eavage will fill the gap between first and

second stages of SBS.

3. Re-initiation of Hybrid SBS
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Once the "wal king" process is conpleted, the second
stage of SBS is conducted wusing mixture of nucleotide
reversible term nators and fluorescently | abel ed

di deoxynucl eoti des as incorporation substrates sane as

descri bed above. Anot her cl uster of bases on the
tenplate can be continuously revealed, leading to the
doubl i ng of the original read | ength. The SBS-
wal ki ng-SBS process is repeated to generate nmaxi num

read | ength.

Exanpl es
1. Design and synthesis of 3'-0-nodified NRTs and

cl eavabl e fluorescent dideoxynucleotide term nators

for the hybrid SBS
Four 3' -0-azi donet hyl - modi fi ed NRTs (3" - O N3-dNTPs)
were synthesized and evaluated (Fig. 32) for wuse in
the hybrid SBS approach. The 3'-Onodif ied NRTs
containing an azidonethyl group to cap the 3'-OH on
the sugar ring were synthesized based on simlar
nmethod to that reported by Zavgorodny et al. The 3'-0-
azi donet hyl group on the DNA  extension pr oduct
gener at ed by incorporating each  of the NRTs is
efficiently renmoved by the Staudinger reaction using
agueous Tris (2-carboxy-ethyl) phosphi ne ( TCEP)
solution followed by hydrolysis to yield a free 3 -CH
group for elongating the DNA chain in subsequent

cycles of the hybrid SBS (Fig. 34A)

To denobnstrate the feasibility of <carrying out the
hybrid SBS on a DNA chip, four cleavable fluorescent
di deoxynucl eoti de term nators wer e desi gned and

synt hesi zed, ddNTP- N 5- Fl uor ophor es (ddCTP- N ;- Bodi py- FL-
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510, ddUTP-N ;-R6G ~ ddATP-N 5-ROX and ddGTP-N ;-Cy5)  (Fig.
33) . The ddNTP-N ;- Fl uorophore were used in conbination
wth the four NRTs (Fig. 32) to perform the hybrid SBS.
Modi fied DNA polynmerases have been shown to be highly
tolerant to nucleotide nodifications wth bulky groups
at the 5-position of pyrimdines (c and u) and the 7-
position of purines (A and G). Thus, a each unique
fluorophore was attached to the 5 position of CU and
the 7 position of A/G through a cleavable linker. The
cleavable linker is also based on an azido nodified
nmoi ety as a trigger for cleavage, a nechanism that is
simlar to the renoval of the 3'-0 azidonethyl group

(Fig 34B)

2. Four-col or DNA sequencing on a chip by the hybrid
SBS approach
Hybrid SBS was perforned on a chip-inmobilized DNA
tenpl ate usi ng the 3'-0O N3-dNTP/ ddNTP-N ;- f | uorophore
conmbination and the results are shown in Fig. 35. The
gener al four-col or sequenci ng reaction schene on a
chip is shown in Fig. 35A The de novo sequencing
reaction on the chip was initiated by extending the
sel f-primng DNA  usi ng a solution cont ai ni ng t he
conbination of the four 3'-ON5;-dNTPs and the four
ddNTP- N 5-fl uorophores, and 9°N DNA pol ynerase.

The four-color imges from a fluorescence scanner for
each step of the hybrid SBS on a chip is shown in Fig.
35B. The entire process of i ncor poration,

synchroni zati on, detection and cleavage was perfornmed
multiple tines to identify 32 successive bases in the

DNA tenpl ate. The plot of the fluorescence intensity
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vs. the progress of sequencing extension (raw 4-color
sequenci ng dat a) is shown in Fig. 35C. The DNA
sequences were unanbiguously identified with no errors
from the 4-color raw fluorescence data wthout any

processi ng.

3. Prinmer reset and 2nd round SBS

To denonstrate the concept of walking, the sane self-
priming DNA was imopbilized on surface as tenplate.
After identifying the first 32 bases unanbiguously
with no errors by the first round hybrid SBS the
pri mer was reset for the second round SBS by
el ongat i ng the original pri mer over the sequenced
regi on Vi a enzymatic i ncor porati ons. A solution
containing dATP, dTTP, dCTP and 3'-O N;-dGIP was used
to perform the polynmerase reaction. 9°N DNA pol ynerase
i ncorporates 3' unblocked nucleotides nore efficiently,
leading to certain percentage of priners not fully
extended by 3'-ON;-dGIP. To mnimze this effect, a
synchroni zation step was added to reduce the anount of
out - of - phase primers after t he initial ext ensi on
reaction. A synchroni zati on reaction m xt ure
consi sting of just 3'-O-N;3-dGIP  in relative hi gh
concentration was used al ong Wi th t he 9°N  DNA
pol yner ase. The 3' -0 azi donet hyl group on the DNA
extension product generated by incorporating 3'-0-Nj-
dGTP was efficiently renoved by using aqueous Tris(2-
car boxy- et hyl) phosphi ne (TCEP) solution to yield a
free 3'-OH group for elongating the DNA chain in
subsequent cycl es of enzymatic i ncorporation. The
entire process of incorporation, synchroni zati on and

cl eavage were conducted repeatedly wuntil the sequenced
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bases during the first round SBS were "walked" over.
After t he pri mer was reset by t he enzymatic
i ncorporation, the second stage of SBS was conducted
using mxture of nucleotide reversible termnators and
fluorescently | abel ed di deoxynucl eot i des as
i ncorporation substrates same as described above.
Anot her 13 bases were successfully identified after

tenplate "wal king" (Fig. 14)

Tenpl ate "Wal king" for SBS with CFNRTs

1. SBS with G F-NRTs
DNA sequencing by synthesis (SBS) on a solid surface

duri ng pol yner ase reaction of fers a paradigm to
efficiently deci pher mul tiple DNA sequences in
parallel. Di scl osed is the devel opnment of a DNA
sequenci ng met hod t hat i nvol ves the extension of

target DNA strand with nodified cleavable fluorescent
nucl eot i de reversible termnators (G F- NRTs, 3'-O-Ri -
dNTPs- R ,—f | uor ophor e) in conbination with cleavable
nucl eot i de reversible term nators (C NRTs, 3-0OR ~
dNTPs) . A set of four GCF-NRTs is produced via dual
nodi fi cations by capping the 3 -0H group with a small
chemical nmoiety and tethering a fluorophore through a
cl eavabl e i nker to either the 7-position of the
purines (A G) or the 5-position of the pyrinidines (¢
T) so that they are still recognized as substrates by
DNA pol ymerase. Another set of four CNRTs is nodified
simlarly as the GCF-NRTs except no fluorophore is
attached, which results in a reduction of the size of
C- NRTs and t he i ncrement of DNA pol yner ase
i ncorporation ef ficiency. In this appr oach, an

extension mixture conposed of the CGNRTs with a snall
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percentage of the GCF-NRTs is used to perform SBS.
Sequences are determined by the wunique fluorescence
em ssion of each fluorophore on the DNA products
termnated by the C F-NRTs. I mediately following the
detection st ep, a synchroni zati on reaction is
performed wusing only the GCNRTs to extend the un-
extended DNA strands. A di deoxynucl eot i des (ddNTPs)
capping step is carried out afterwards to conpletely-
rid of the remaining un-extended DNA  Upon renoving
the 3'-0H capping group from the DNA  products
generated by incorporating both CF-NRTs and C NRTs
and the fluorophore from the C F-NRTs, the polymerase
reaction reinitiates to conti nue t he sequence
determni nati on. The fol | owi ng schene (Fig. 37)

illustrates the general process for SBS with GC F-NRTs.

Four 3'-0-Ns dNTPs-N 5-fl uorophore (Fig. 38 and four
3' - O-N;-dNTPs (Fig. 32) were synthesized, using an
azi donet hyl group as a chemcally reversible capping
moiety in the 3'-Onodif ied CGF-NRTs and GC NRTs, and
an azi do- based cl eavabl e l'i nker to attach t he

fluorophores to the C F-NRTs,

After fl uorescence det ecti on for sequence
determni nati on, t he azi domet hyl capping noiety on the
3'-0H and the fl uor ophore attached to the DNA
extension product via the azido-based cleavable Iinker
are efficiently renoved usi ng tris(2-
car boxyet hyl ) phosphi ne ( TCEP) in aqueous sol ution
conpatible wth DNA Various DNA tenplates, including
t hose W th honopol yrer regi ons wer e accurately

sequenced with read length of over 20 bases using this
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SBS method on a chip and a four-color fl uorescent

scanner (Fig. 39).

Four C- F- NRTs (3' - O N3-dNTPs- N ;- f | uor ophor e) wer e
synthesize along with four CNRTs (3 -O Nz-dNTPs) for
the inplenentation of our four-color de novo DNA
sequenci ng by synt hesi s appr oach. Duri ng t he
incorporation stage of SBS, a mixture of the two sets
of NRTs is used to extend the DNA strand. Only a
smal | percentage of the 3 -0 N3- dNTPs- N 5- f | uorophore is
used in the mxture so that the majority of the
product is extended wth the less bulky 3'-0O N;-dNTPs .
This approach leads to a nore efficient DNA pol ynerase

reaction since the smaller 3'-ON3-dNTPs are nuch
easier to incorporate. Anot her advantage of having
nost of the DNA extended with 3'-0ON;-dNTPs is the fact
that after cleavage of the 3'-0OH capping group on the
product, nascent strand of DNA that have no traces of
nodification is restored. Such DNA does not have any
adverse effect on the DNA polynerase during the
subsequent i ncorporation of t he compl enent ary

nucl eotide. For DNA extended with the 3'-O Nzg-dNTPs-N ;-
fluorophore, which serve as the signal producer, the
3'-0H is also restored after the cleavage step so that
the next stage of SBS can be carried out. Ther ef or e,

it is possible to recover all the DNA tenplates after
each round of sequencing, dramatically increasing the
pot enti al read-length of our SBS nethodol ogy. After

the incorporation reaction, two separate capping steps,
first with 3'-ONz-dNTPs and then wth ddNTPs, are
per f or ned. The rationale behind the first capping

reaction is to nmaxinze the anobunt of ext ensi on



WO 2009/051807 PCT/US2008/011891

10

15

20

25

30

114

products and to ensure the mnimal |oss of tenplates.
In case there is any un-extended product after the
first capping step, the second capping with ddNTPs is
nmostly likely to permanently term nate these DNA
st rands so that al | tenpl at es are synchroni zed.
Wthout these precautionary synchronization procedures,
m xed fl uorescent signal s wil | pr event t he
identification of the correct nucleotide incorporated.
Since both 3'-0 N;-dNTPs-N,-fluorophore and 3'-0-Nj-
dNTPs are reversible term nators, which allow the
sequencing of each base in a serial manner, they can
accurately determne the honopolyneric regions of DNA
In addition, due to the fact that all of the steps of
our SBS approach are perforned on a DNA chip, there is
no longer a need for electrophoretic DNA fragnent
separation as in the classical Sanger sequenci ng

met hod.

Even though theoretically SBS with GCF-NRTs can be
executed wthout 1losing tenplates, the utilization of
ddNTPs capping does reduce the nunmber of available
tenplates during the actual sequencing reaction. In
addition, the incorporation and cleavage of GC F-NRTs
leave a tail on the nodified nucleotides that can

potentially reduce the incorporation efficiency the

subsequent base. Hence tenplate "wal ki ng" can be
appl i ed to i ncrease r ead | engt h for this SBS
met hodol ogy.

2. Tenplate "Wal king"
| medi ately after the first round of SBS, DNA

tenpl at es are denatured by heat or mld alkal
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conditions to rid of the extended priner. The sane
original primer is re-hybridized to the tenplate chain,
and one of the five "wal king" methods described in the
previous section can be applied to reset the start
point for the next round of SBS at the end of the
first sequencing run (Figs. 40, 41, 42, 43, and 44).

3. Re-initiation of SBS with GC F-NRTs
Once the "wal king" process is conpleted, the priner is

extended to the end of the previous round of SBS. At
this point, hybrid SBS is carried out to identify the
subsequent bases. If the process can be repeated nore
times, it should be theoretically possible to achieve

long and significant read |ength.

Strategy 2: Tenplate "Wal king" with Universal Bases
In this wvariation on the Strategy 1, the reset s

achieved not with nucleotide walking, but with the use
of a longer priner partially consisting of universal
nucl eotides for the second round. Attachment of the
tenplate DNA to the surface and the first few steps of
the procedure are identical to the first nethod.
However, after stripping the first extended prinmer for
the initial 20 base readout, a long priner wth the
followwng features wll be hybridized to the tenplate:
(a) the first half is identical to the initial priner;

(b) the second half is conposed alnost entirely of

uni ver sal bases. One possible candidate for the
uni ver sal base is i nosi ne, whi ch, in its
deoxynucl eosi de form can base pair wth all four
nucl eot i des, though its affinity for C and A s

significantly hi gher than for G and T; a second

possibility is 5-nitroindole; (¢ the last one or two



WO 2009/051807 PCT/US2008/011891

10

15

20

25

30

116

anchoring bases of the long primers are degenerate
with each of the four possible bases being represented.
Because the universal bases can form hydrogen bonds
with any of the other four bases with sone efficiency,

they have the capacity to bind to the first 20 or so
bases of t he sequence. However , t he nmel ting
tenperature of the ensuing hybridization is reduced
substantially by the run of inosines, a few of the
bases in the first half and the two 3'-anchoring bases
can be substituted wth |ocked nucleotides. Locked

nucleic acids have a chemcal bond between the 2' and

4' carbons of the ribose. VWiile slower to associate
with their conplenmentary base, once hybridized, t hey
tend not to dissociate. Thus, they provide a nice
sol ution to ensure that the long priner remai ns
attached appropriately to the tenplate. In addition,

the percentage of locked nucleosides in the primer can
be mani pul at ed to achi eve hi gher hybri di zati on

strength. After hybridization of the above long priner,
a second round of either Hybrid SBS or SBS with GCF-
NRTs can be perfornmed (Fig. 45).

An alternative approach to Strategy 2 is the use of a
detachable loop primer, possibly wth a labile sugar
and glycosylase treatnent. After the first round of
sequencing, the loop is renpved by enzymatic cleavage
and denaturation, and then a new identical loop is
attached. In a nodification that is a conposite of
"wal king" Strategy 1 and 2, the new loop primer can be
conposed of an initial portion identical to the first
| oop priner, a "loop out" region that bypasses the

first set of sequenced nucleotides, and a degenerate
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anchoring nucleotide to initiate the second round of

sequenci ng.

Strategy 3: Multiple Priners "Wal king"
In this third strategy, one or two additional prinmer

annealing sites are introduced into the DNA to be
sequenced at a distance just about equal to the numnber

of bases that can be sequenced from the first prinmer.

As illustrated in Figure 46, tenplate preparation for
SBS will wutilize the cloning of genomic DNA into a
specially designed vector containing type IS or 111

restriction sites (Mrel and EcoPl5 J) flanking the

genomic DNA cloning site. In this procedure size
fracti onated DNA (i ni nal ength 100 bp) will be
l'i gated into the <cloning vector using blunt-end
l'igation. Upon cl oni ng, the resulting reconbinant
plasmds wll be re-cut at one of the type [1S/11I
sites and the sticky ends wll be filled in wth

Kl enow enzynme. Next, specific sequencing prinmers wll
be introduced via ligation inside the genomc DNA
inserts, 22 bases distant from the first priner in the

case of Mel or 27 bases away in the case of EcoPl5 1.

After insertion of the internal primng sites, the
constructs wi | be re-cl oned in E. coli, t he
recombi nant plasmds isolated and the inserts re-
anmplified by PCR at vector-insert junctions and
attached to the beads for sequencing. Al ternatively,

emul sion or polony PCR strategies can be wused to
acconpl i sh at t achnment of singl e nol ecul es to
i ndi vi dual beads or slide | ocations and their

subsequent amplification at a nuch |lower cost than
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cl oni ng. In any case, once the DNA is inmmobilized,

the first round of Hybrid SBS or SBS with C F-NRTs
will be prined from the flanking priner, then after
stripping these extended priners, the second set of
sequencing reactions wll be initiated at the internal

primer. It should be noted that with this scheme, the
two sequenced portions cone from opposite ends of the

initial DNA, and are in essence paired end reads.

Sever al novel nodi fications of this approach can
address the desire of nmany investigators to sequence
an entire 100-base stretch of DNA, the length of a
t ypi cal exon including surroundi ng intronic bases
adjacent to the splice site. For instance, one can
prepare a construct wth two internal primers. In
this case, the initial wvector wll be designed wth
Mrel at one flank and EcoPl151 on the other; wusing two
consecuti ve restriction, cloning and circularization

st eps, the final construct will consi st of f our
alternative primng sites (tw on the insert flanks
and two internal) , which in the <case of 100 bp
segnments of genomc DNA will guarantee their conplete

sequencing with 25-30 cycles of SBS and three priner

resets. The extra cycles wuld enable sonme of the
sequence reads to run into the next prinmer, whi ch
would help to confirm the direction (e.g., the |ast

sequence might end wth the Mrel or EcoP1l51 site.

O her tricks would include nodifying the ends of the

prinmers to allow [|ooping and reverse di rection
sequenci ng, incorporation of one or two decoding bases
in the internal primers to confirm directions, and

deconvol uti ng the results after al | the data is
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generated. One would want to have a single set of

primers for sequencing, regardless of which strand is

att ached. In order to achieve this, and to overcone
the non-directional nature of their i nsertion, t he
s internal pri mer or primers wll be designed as

pal i ndrones so that sequencing can be initiated in

either direction.
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MATERI ALS AND METHODS

Synt hesi s of ddCTP- N3- Bodi py- FL-510

a. Azi do- Bodi py- FL-510 (Fig. 15, Conpound 15) . (2-

{2- [3- (2- Al nino-ethyl carbanoyl) -phenoxy] - 1-azido-

et hoxy} -ethoxy) -acetic acid 14 (7.0 ny, 0. 019
mol) prepared according to the literature 1 was
dissolved in DW (300 pi) and 1 M NaHCOj; aqueous

solution (100 MI). A solution of Bodipy-FL-510 NHS
(N- hydr oxysucci ni i de) ester (lnvitrogen) (5.0 ny,
0.013 mml) in DWW (400 WMl ) was added slowy to
the above reaction mixture and then stirred at
room tenperature for 5 hours with exclusion of
light. The crude  product was purified on a
preparative silica gel TLC plate (CHCl 3/ CH;OH 1:4)
to afford 15 (7.6 ng; 91%. H NVR (400 Miz, CD;OD)
57.34-7.42 (m 4H), 710-7.14 (m IH, 6.90 (d J
= 4.0 H, IH, 6.29 (d J = 4.0 Hz, IH), 6.20 (s,

IH, 5.00 (t, J = 5.2 Hz, IH, 4.22-4.25 (m |H),

4.10-4.14 (m IH), 3.96-4.01 (m 2H, 3.91 (s,

2H, 3.83-3.88 (m IH, 3.70-3.71 (m 2H), 3.43-

3.48 (m 3H, 3.20-3.24 (m 2H), 2.61-2.65 (m

2H), 2.57 (s, 3H), 2.49 (s, 3H; MS (Fab+) calcd

for C,gH;, BF;N,O; [(MtH) *1: 642.4, found: 642.5.

. ddCTP- N .- Bodi py- FL- 510 (Fig. 15, Conpound 17) . To

a stirred solution of 15 in dry DW (2 m), DSC
(N, N'-disuccinimdyl car bonat e) (3.4 ny, 13.2
pol )  and DMAP  (4-di net hyl anmi nopyri di ne) (1.6 ny,

13.2 pnol) were added. The reaction nmixture was

stirred at room tenperature for 2 hours. TLC
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indicated that 15 was conpletely convert ed to
compound 16, which was directly wused to couple
with amno-ddCTP (13 pmol) in NaHCO;/ Na,CO; buffer

(pH = 8.7, 0.1 M) (300 MI). The reaction mxture

was stirred at room tenperature for 3 hours wth
excl usi on of Iight. The reaction m xture was
purified by a preparative silica gel TLC plate
(CHOH/ CH,C1,, 1:1). The crude product was further

purified on reverse-phase HPLC to afford 17
(retention time = 34.0 mn) . Conpound 17 was
further evaluated by perforning a single base
ext ensi on reaction to vyield a DNA extension

product which was characterized by MALD -TOF MS
(mz 8915) (Fig. 200

Synthesis of ddUTP-N;- R6G

a. Azido-R6G (Fig. 16, Conmpound 18). The preparation

procedure was simlar to the synthesis of 15. The
crude  product was purified by a preparative
silica gel TLC plate (CHOH/CH,Cl,, 2:5) to afford
18 (8.2 ny; 89%. H NVR (400 MHz, CD,0D) & 8.12-
8.08 (m 2H), 7.68 (d J = 1.6 Hz, IH), 7.49-7.45
(m IH, 7.38-7.36 (m 2H), 7.32-7.30 (m IH),
7.26-7.22 (m IH), 7.14-7.12 (m IH, 7.06-7.05
(m IH, 6.96 (s, 2H), 6.87 (s, 3H, 5.05 (t, J =
5.0 Hz, IH), 4.15-4.14 (m IH), 4.04-4.03 (m IH),
3.94-3.92 (m 2H), 3.86-3.80 (m 3H), 3.67-3.62
(m 6H), 3.51 (q J = 7.2 Hz, 4H), 2.08 (s, 6H),
1.36 (t, J = 7.2 Hz, 6H); HRMS (Fab+) calcd for
CpoHie NSO t (M+H) *] @ 808 .330 6, found 808 .3267.
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b. ddUTP-U ;- R6G (Fig. 16, Conpound 20) . The

preparation procedure was simlar to t he
synthesis of 17. The crude product was purified
on reverse-phase HPLC to afford 20 (retention
time = 32.9 nn) . Conmpound 20 was further
evaluated by performng a single base extension
reaction to yield a DNA extension product which
was characterized by MALD -TOF MS (mz 9082) (Fig..
200

Synthesis of ddATP-N ;- ROX

a. Azido-ROX (Fig. 17, Conpound 21) . The preparation

procedure was simlar to. the synthesis of 15. The
crude  product was purified by a preparative
silica gel TLC plate (CHyOHCH,Cl1l,, 2:5) to afford
21 (6.3 ng; 90%. H NWMR (400 MHz, CD;OD) O 8.24
(d, J = 3.2 Hz, 2H), 7.65 (s, IH, 7.49-7.46 (m
IH, 7.38-7.35 (m |IH, 7.32-7.30 (m |IH, 7.26-
7.23 (m IH, 7.14-7.12 (m IH, 7.05-7.04 (m
IH, 6.70 (s, 2H), 6.87 (s, 3H, 5.02 (¢, J = 4.0
Hz, IH, 4.26-4.23 (m |H, 4.16-4.12 (m 2H),
4.00-3.97 (m 2H), 3.90-3.71 (m 3H, 3.67-3.45
(m 8H), 3.04-3.01 (m 4H), 2.66-2.56 (m  4H),
2,09-2.08 (m 4H), 1.90-1.89 (m 4H; HRVS (Fab+)

caled for C,gH;,N,Oiy [(MH) *]:  884.3619, found
884. 3622.

. ddATP-azi do- ROX (Fig. 17, Conpound 23) . The
preparation procedure was simlar to t he

synthesis of 17. The crude product was purified
on reverse-phase HPLC to afford 23 (retention

time = 36.1 nin). Conpound 23 was further
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evaluated by perforning a single base extension
reaction to yield a DNA extension product which
was characterized by MALDI-TOF MS (mz 9180) (Fig.
20A) .

Synt hesis of ddGIP-Nj3-Cy5

a. Azido-Cy5 (Fig. 18, Conmpound 24). The preparation

procedure was simlar to the synthesis of 15. The
crude  product was purified by a preparative
silica gel TLC plate (CHOH CH,Cl,, 2:5) to afford
18 (5.6 ng; 84%. H NMR (400 Mz, CD;OD) & 8.35-
8.28 (m 2H), 7.90-7.86 (m 3H), 7.46-7.44 (m 2H)),
7.37-7.35 (m 2H), 7.30-7.28 (d J = 8.0 Hz, IH)),
7.12-7.10 (m IH, 6.72 (t, J = 12.4 H, 1 H),
6.37-6.29 (m IH), 503 (t, J = 4.8 Hz, IH), 4.25-
4.24 (m IH, 4.22-4.10 (m 3H), 4.04-3.98 (m
3H, 3.92 (s, 2H, 3.89-3.86 (m IH), 3.72-3.71
(m 2H), 3.50-3.47 (m 2H), 3.41-3.38 (m 2H),
2.57 (m IH, 2.24-2.20 (m 2H), 1.76 (s, 12H),
1.69-1.65 (m 2H), 1.43-1.36 (m 6H; MS (Fab+)

calcd for  C,gH,N,0i3S, [(MrH) *1:  1006. 4, found
1006. 6.

. ddGTIP- N ;- &y5 (Fig. 18, Conpound 26) . The
preparation procedure was simlar to t he

synthesis of 17. The crude product was purified
on reverse-phase HPLC to afford 26 (retention
time = 31.6 nin) . Conpound 26 was further
evaluated by perforning a single base extension

reaction to yield a DNA extension product which
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was characterized by MALDI -TOF MS (mz 9261) (Fig..
20E)

Continuous DNA polynerase reaction wusing four 3'-O
nmodi fi ed cl eavabl e nucl eoti des as reversible
termnators in solution.

The four NRTs (3'-0ONj3-dATP, 3'-0-N3-dCTP, 3'-0O N,;-dGIP
and 3' -0 N;-dTTP) have been characteri zed, by
perform ng f our conti nuous DNA- ext ensi on reactions

sequential ly using a self-primng DNA tenplate (5" -
ATCGECGCCGECGECCT TEECECEECEE 3 (SEQ ID No:1). The four
nucl eoti des in the tenplate imediately adjacent to
the annealing site of the prinmer are 3'-CGCTA-5', which
al | ows t he eval uation of t he i ncor poration and
cl eavage efficiency of the 4 NRTs. First, a polynerase

extension reaction using a pool of all four NRTs along

with the self-primng DNA tenplate was perforned

pr oduci ng a single base ext ensi on product . The
reacti on m xture f or this, and al | subsequent

ext ensi on reacti ons, consi sted of 80 pnol of self-
primng DNA tenplate, 160 pnol of 3'-0 N3-dNTPs, I X
Thermopol 11 reaction buffer (New England Biolabs), 40

nnmol of MC , and 1 unit of 9°N DNA polynmerase (exo-)
A485L/ Y409V  (New England Biolabs) in a total reaction
volume of 20 ul . The reaction consisted of incubation
at 94°C for 5 mn, 4°C for 5 mn, and 65°C for 20 mn.
Subsequent | vy, the extension product was desalted by
using a ZipTip and analyzed by Voyager DE MNALDI-TOF
nmass spectronetry (Applied Biosystens). For cl eavage,
the desalted DNA extension product bearing the 3 -0
azi domethyl group was first resuspended wth 5ul of 50

mM EDTA solution to quench the polynerase activity.



WO 2009/051807 PCT/US2008/011891

10

15

20

25

30

125

This DNA solution was then mxed with 10 pl of 225 mM
TCEP solution (pH 9.0) and incubated at 65°C for 15
mn to yield a cleaved DNA  product which  was
characterized by MALD -TOF M. The DNA product wth
the 3'-0Oazidomethyl group renoved to generate a free
3'-OH group was purified by using an digonucleotide

Purification Cartridge (Applied Biosystens) and used
as a primer for a second extension reaction using 3'-

O N;-dNTPs. The second extended DNA product was then
purified by ZipTip and cleaved as described above. The
third and the fourth extensions were carried out in a

simlar manner by wusing the previously extended and

_cleaved product as the prinmer.

Pol yner ase ext ensi on reaction usi ng Cl eavabl e
Fl uorescent Dideoxynucleotide Termnators in Solution
and Characterization by MALDI - TOF Ms.

The f our cl eavabl e fl uorescent di deoxynucl eot i de
term nators, ddNTP- N3-f | uor ophor es (ddCTP- N3- Bodi py-
FL-510, ddUTP-N3-R6G ~ ddATP-N3-ROX, and ddGTP- N3- Cy5)
have been characterized, by performng four separate
DNA- ext ensi on reacti ons, each with a different self-
priming DNA tenplate allowing the four ddNTP anal ogues
to be incorporated. The resulting DNA extension
products were analyzed by MALDI-TOF M. The follow ng
four self-priming DNA tenplates (26-mer hairpin DNA

with a 4-base 5'-overhang) were used for the extension:;

5' - GACTGCGECCGCGECCTTGECGLCEECEE- S ( SEQ I D No: 2) f or
ddATP- N 3- ROX; 5' - ATCGGCECCGCECCTTGECGLCEECEE- S (SEQ ID
No: 3) for ddCTP- N 3- Bodi py- FL- 510; 5'-
GATCGCGCCGCECCT TGECECEELEE- 3! (SEQ I D No: 4)for ddGIP-

N3- Cy5; and 5' - GTCAGCGCCGCGCCTTGRCGCGECEE S (SEQ 1D
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No: 5) for ddUTP-N,;-R6G Each of the extension reactions
consisted of all four ddNTP-Nj;-fluorophores (e.g., 120
prol each  of ddCTP- N 3- Bodi py- FL- 510, ddUTP- N3- R6G,
ddATP-N ;- ROX, and ddGIP-N;-Cy5) along with 60 pnol of
t he self-primng DNA tenplate, I X  Ther nopol I
reaction buffer, 40 nnol of MO , and 1 unit of 9°N DNA
pol yner ase (exo-) A485L/ YAV in a total reaction
volume of 20 pl . The reaction consisted of incubations
at 94°C for 5 mn, 4°C for 5 mn, and 65°C for 20 mn.
Subsequently, the extension product was purified by
reverse-phase HPLC using established procedures (40).
The fraction cont ai ni ng the desired pr oduct was
collected and freeze-dried for analysis by MALDI-TOF
MS and cl eavage. For cleavage of the DNA extension
product bearing the ddNTP-N,-fluorophores, the purified
DNA product was resuspended in 50 m of 100 mM TCEP
solution (pH 9.0) at 65°C for 15 nmin and then analyzed
by MALDI - TOF Ms.

4-Col or DNA sequencing by synthesis on a chip using
phot ocl eavabl e fl uorescent di deoxynucl eoti de /3" -
nodi fi ed phot ocl eavabl e nucl eotide conbination remant
of Sanger sequenci ng.

Ten mcroliters of a solution consisting of ddCTP-N ;-
Bodi py-FL-510 (10 frol) , ddUTP-N5;-R6G (20 frol), ddATP-

Ny-ROX (40 fnol), ddGTP-N,-Cy5 (20 fnol), 3 -0 N,-dCTP
(22 pnol), 3'"-O-N;-dTTP (22 pnol), 3'-O N5-dATP (22
pmol), 3'-O-N3-dGIP (4 pnol), 1 unit of 9°N nmutant DNA
pol ymerase (exo-) A485L/ Y409V, 20nmol of M , and IX
Ther nopol Il reaction buffer was spotted on the DNA
chi p. The nucl eoti de conmpl enent ary to the DNA

tenplate was allowed to incorporate into the primer at
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62°Cc for 15 mn. To synchronize any unextended
tenplates, an extension solution consisting of 38 pnol
each of 3'-ON3-dTTP, 3'-0ONz-dATP, 3'-O N;-dGIP and 75
prol of 3' - O N;-dCTP, 1 wunit of 9°N nut ant DNA
pol ymerase (exo-) A485L/ Y409V, 20nmol of MA , and X
Ther nopol Il reaction buffer was added to the sane
spot and incubated at 62°C for 15 nmin. After washing
with SPSC buffer containing 0.1% Tween 20 for 1 mn,

the chip was rinsed with dH,0, and then scanned with a

4-col or fl uorescence ScanArray Expr ess scanner
( Per ki n- El mer Life Sci ences) to det ect t he
fluorescence signal. To perform the cleavage, the DNA

chip was placed inside a chanber filled with 100 mM
TCEP (pH 9.0) and incubated at 65°C for 10 mn. After
washing the surface wth dH,0, the chip was scanned
again to neasure the background fluorescence signal.
This process was followed by the next polynerase

ext ensi on reaction using the 3'-0O N3-dNTP/ddNTP-N ;-

fl uor ophore sol ution Wi th t he subsequent
synchroni zati on, washi ng, fl uorescence detection, and
cl eavage processes performed as described above. The

3' -0- N3-dNTP/ ddNTP- N 5-fl uorophore ratio was adjusted to
obtain relatively even fluorescence signal s. The
above reaction cycles were repeated multiple times to
obtain de novo DNA sequencing data on a DNA tenplate

i mobilized on a chip.

Construction of a Chip with Immobilized Self-primnmng
DNA Tenpl ate

The s5'-amno-|labeled self-primng DNA tenplate 5'-NH,-
CAC- TCA- CAT- ATG TTT- TTT- AGC- TTT- TTT- AAT- TTC TTA- ATG

ATG TTG TTG CAT- GCG ACT- TAA- GGC- GCT- TGC- GCC- TTA- AGT-



WO 2009/051807 PCT/US2008/011891

10

15

20

25

30

128

CG3 (SEQ ID No: 6) was purchased from IDT (Coralville,
IA) . The DNA tenplate was dissolved at 40 pPM in 50 mM
sodi um phosphate buffer, pH 8.5 and spotted wusing
SpotArray 72 arraying robot (Perkin Elner) onto high
density CodeLink mnmicroarray slides (GE Healthcare)
After spotting, the slides were incubated at anbient
tenperature (-~ 249c) for 20 hours in a humd chanber
containing saturated sodium chloride solution (-~ 75%
hum di ty) to allow for +s5'-tethering of the spotted
amno-nodif ied DNA tenplates to the slide surface
functionalized wth succinimde ester groups. Upon the

i ncubati on the slides were renoved from the humd

chamber and stored in vacuum desiccator at  room
tenperature until further wuse. The principal advantage
of the hairpin structure introduced into the 3'-

portion of the self-prining DNA tenplate is its higher
stability and the increased prinmng efficiency for DNA
pol ynerases as conpared to a separate priner/tenplate

complex, which is prone to spontaneous dissociation.

3' - O N;-dNTP/' ddNTP- N;-f | uorophore Ratio Used for Four-
Col or DNA Sequencing on a Chip

To obtain de novo DNA sequencing data on a DNA
tenplate immbilized on a chip, the SBS cycle was
repeated nultiple times using the conbination mixture
of solution A consisting of 3'-ONz-dCTP (3 pm), 3'-O
Ny-dTTP (3 uM), 3'-ONs-dATP (3 uMm) and 3'-O N,-dGIP
(0.5 pMm) and solution B consisting of ddCTP-N ;- Bodi py-
FL-510 (50 nM , ddUTP-N,;-R6G (100 nM , ddATP-N ;- ROX
(200 nM and ddGIP-N,;-Cy5 (100 nM in each polynerase

extension reaction. The following volunmes of solution
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A and B in each SBS cycle were wused to achieve
relatively even fluorescence signals.

SBS | Solution | Solution [ SBS | Solution | Solution | SBS | Solution | Solution
Cycle | A (ul) Bul) [Cycle| Al | Bl [Cycle| A(ul) | B(ul)
Ist 7.3 0.2 12th 7.0 0.5 23rd 5.0 2.5
2nd 7.3 0.2 13th 6.5 1.0 24th 5.0 2.5
3rd 7.3 0.2 14th 6.5 1.0 25th 5.0 2.5
4th 7.3 0.2 15th 6.5 1.0 26th 4.5 3.0
5th 7.2 0.3 16th 6.5 1.0 27th 4.0 3.5
6th 7.2 0.3 17th 6.0 1.5 28th 3.5 4.0
7th 7.2 0.3 18th 6.0 1.5 29th 3.0 4.5
8th 7.2 0.3 19th 6.0 1.5 30th 2.5 5.0
9th 7.0 0.5 20th 5.5 2.0 31st 2.0 5.5
10th 7.0 0.5 21st 55 2.0 32nd 0 7.5

11th 7.0 0.5 22nd 5.5 2.0
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DI SCUSSI ON

Four 3'-Onodif ied cleavable reversible t er m nat or
nucl eotides (3 -O N3-dNTPs) along with four fluorescent
ddNTPs have been synthesized and characteri zed, and
used them to produce 4-color de novo DNA sequencing
data on a chip by Sanger/SBS hybri d sequenci ng
approach that has the follow ng advantages. Wth the
3'-O- N;-dNTPs, after cleavage of the 3'OH capping group
of the DNA extension product, there are no traces of
nodi fication | eft on t he gr owi ng DNA st rand.
Ther ef or e, there are no adverse effects on the DNA
pol ynerase for incorporation of the next conplenentary
nucl eoti de. Second, the cleavable fluorescent ddNTPs.
and 3' -0 N5;-dNTPs pernanent and reversible termnators,
respectively, which allow the interrogation of each
base in a serial nmanner, a key procedure enabling

accurate determnation of honopolynmeric regions of DNA.,

I n addi ti on, because al | of t he st eps of t he
nucl eot i de i ncor porati on, fl uorescence det ecti on for
sequence determni nation, cl eavage of the fluorophore,

and the 3'-0 azidonethyl group are performed on a DNA
chip, there is no longer a need for electrophoretic
DNA fragnment separation as in the classical Sanger

sequenci ng net hod.

In the four-color hybrid SBS approach, the identity of
the incorporated nucl eoti de is determ ned by the
uni que fluorescence enmssion from the four fluorescent
di deoxynucl eot i des, wher eas the role of the 3' -0
nodified NRTs is to further extend the DNA strand.
Ther ef or e, the ratio of the ddNTP-N3-f | uorophores and

3'-O-N;-dNTPs during the polynerase reaction determ nes
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how much of the ddNTP-N ;- fluorophores incorporate and,

t hus, t he correspondi ng fl uorescence em ssi on

strengt h. Wth a finite anpunt of imobilized DNA
tenplate on a solid surface, initially the majority of
the primng strands should be extended wth 3'-0-Ns-
dNTPs, whereas a relatively smaller amunt should be
ext ended with ddNTP- N ;- f | uor ophor es to pr oduce
sufficient fl uorescent signals that are above the

fluorescence detection systenis sensitivity threshold

for sequence determnination. As the sequencing cycle
conti nues, the anount of the ddNTP-N ;- fluorophores
needs to be gradually i ncreased to nmintain t he

fluorescence enmission strength for detection.

We have experinentally determined the ratio of the 3'-
O N3- dNTPs and ddNTP- N 5- f | uor ophores to yield
sequenci ng r ead | ength of 32 bases. The signal

strength at base 32 is as strong as that of the first

base (Fig, 21C), indicating it should be possible to
increase the read length of the hybrid SBS further by
optim zing the extension condi tions to reduce the
background fluorescence in the later sequencing cycles.
The wultinmate read Ilength of this hybrid SBS system
depends on three factors: the nunber of starting DNA
nmol ecul es on each spot of a DNA chinp, the reaction

ef ficiency, and the detection sensitivity of the
system The read length wth the Sanger sequencing

nmet hod comonl y reaches >700  bp. The hybrid SBS
approach described here may have the potential to
reach this read length, especially wth inprovenents

in the sensitivity of the fluorescent detection system

where single nolecules can be reliably detected.
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Wth sequencing read length from 14 to 30 bases in the
next generation DNA  sequenci ng systens, massi ve
parallel digital gene expression analogous to a high-

t hr oughput SAGE  (41) approach has been reported
reaching single copy transcript sensitivity (42), and
CHI P-Seq (43-45) based on sequencing tags of -25 bases
has led to many new discoveries in genome function and
regul ati on. It is well established that mllions of
different PCR tenplate's can be generated on a solid
surface through enulsion PCR or clonal anplification

(45, 20). Thus, future inplenentation of the hybrid
SBS approach on a high-density bead array platform
will provi de a high-throughput and accurate DNA
sequencing system wth wde applications in genome

bi ol ogy and bi omedi cal research.
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is clained is:

A composition having a first, second and third portion
wherein the second portion has the following structure::
o)

o
\O

o/\B

N3 , Wherein o represents

a point of attachnent to the first portion and 3

represents a point of attachnent to the third portion.

The conposition of claim 1, wherein the first portion
conpri ses a deoxynucleotide or a dideoxynucleotide and

the third portion conprises a detectable marker.

The composition of <claim 2, wherein the detectable

marker is a fluorescent dye.
The conposition of claim 2, wherein the first portion
is a deoxynucleotide conprising a nethylazido group

attached to a 3* O atom thereof.

The composition of claim 3, having the structure:
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Dye

N3

o}

o
z

or

Dye
o
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N/ °
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0% N
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U N N
P—O0—P—0—P
| | | °
0 0 0
o\/“3

[

wherein the dye in each structure is a fluorescent dye.

The conposition of claim 5 having the structure:

o (o]
I I
0P — 0P
| |
o ]
0 o)
N
o 1 | o
o- o .
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(o] // o
HN
L)oo
o o oZ >N
0 i i
0—P—0—P—0-P—0 o
o° o o
O
or
/ o)
NH,
4 e
g
[o] o [o] e N
I l I
Q=P Q——p —0——P—0 o
| | |
[o] o] [o]
o\/“°

A method for determining the identity of each of a
series of consecutive nucleotide residues in a nucleic

acid conpri sing:
a) contacting the nucleic acid wth (i) at | east
four different deoxynucleotide triphosphate (dNTP)

anal ogues, each having the structure:

OR
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wherein F is a fluorophore, b is a base which is
adeni ne, guani ne, cyt osi ne, ur aci | or thym ne,

wherein the fluorophore attached through a Ilinker
to each type of base differs in its emssion or
excitation spectra from a fluorophore attached to
each of the remmining types of bases, and each of
t he f our dNTP anal ogues differs from the
r emai ni ng t hree dNTP  anal ogues by having a
di fferent base, and wherein L is a cleavable

linker nolecule conprising the structure:

o

™~

o/\B

N3

14

wherein a represents a point of attachnent to the

base and [3 represents a point of attachnment to the
f 1 uor ophore, and wher ei n R i's a cl eavabl e
cheni cal group, (ii) a nucleic acid polynerase

and (iii) a nucleic acid priner which hybridizes

with the nucleic acid,

under conditions permtting one of the four dNTP
anal ogues t hat is compl enent ary to t he
consecutive nucleotide residue to be identified

to form a phosphodi ester bond with the 3' end of
the nucleic acid priner and thereby extend the

pri nmer;
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b) identifying the fluorophore of the dNTP anal ogue
which has formed the phosphodi ester bond, thereby
identifying the consecutive nucleotide;

c) contacting the dNTP anal ogue which has fornmed the
phosphodi est er bond Wi th tris(2-
car boxyet hyl ) phosphi ne so as to thereby (1)
cl eave t he fl uor ophore and (2) cl eave t he
cl eavable chemical group from the dNTP;

d) iteratively repeating steps a) through «¢) for
each of the consecutive nucleotide residues to be
identified until the final consecutive nucleotide
residue is to be identified;

e) repeating steps a) and b) to identify the final
consecutive nucleotide residue,

thereby determning the identity of each of the

series of consecutive nucleotide residues in the

nucl eic acid.

8. A nethod for determning the identity of each of a
series of consecutive nucleotide residues in a self-
primng nucleic acid conprising:

a) contacting the self-primng nucleic acid with (i)
at | east four di fferent deoxynucl eoti de
tri phosphate (dNTP)  anal ogues, each having the

structure :

OR
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wherein F is a fluorophore, b is a base which is
adeni ne, guani ne, cyt osi ne, ur aci | or thym ne,

wherein the fluorophore attached through a Iinker
to each type of base differs in its emssion or
excitation spectra from a fluorophore attached to
each of the remaining types of bases, and each of
t he f our dNTP  anal ogues differs from the
remai ni ng three dNTP anal ogues by having a
different base, and wherein L is a cleavable
i nker nolecule conprising the structure:

0]

(X\O

O/\B

N3

I

wherein o represents a point of attachnment to the

base and [3 represents a point of attachment to the
fl uor ophor e, and wherein R is a cleavable
chemi cal group, and (ii) a nucl ei ¢ acid
pol yner ase,

under conditions permtting (a) the self-primng
nucleic acid to prime itself and (pb) one of the
four dNTP anal ogues that is conplenentary to the
consecutive nucleotide residue to be identified
to form a phosphodi ester bond with the 3' end of
the self-primng nucleic acid primer and thereby

extend the self-primng nucleic acid;
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a.identifying the fluorophore of the dNTP anal ogue
which has fornmed the phosphodi ester bond, thereby
identifying the consecutive nucleotide;

b. contacting the dNTP anal ogue which has forned the
phosphodi est er bond with tris (2-
car boxyet hyl ) phosphi ne so as to thereby (1)
cl eave t he fl uorophore and (2) cl eave t he
cl eavabl e chemical group from the dNTP;

c.iteratively repeating steps a) through «¢) for
each of the consecutive nucleotide residues to be
identified wuntil the final consecutive nucleotide
residue is to be identified;

d. repeating steps a) and b) to identify the final
consecutive nucl eotide residue,

thereby determining the identity of each of the

series of consecutive nucleotide residues in the

self-primng nucleic acid.

The nmethod of claim 7 or 8, wherein steps b) and c¢)
can be performed sinmultaneously, or in the order step

b) then step c) or in the order step c) then step b).

The nethod of claim 7 or 8, wherein the nucleic acid
is DNA and the nucleic acid polynerase is a 9°N

t her nopol yner ase

The nmethod of claim 7 or 8, wherein the cleavable

chem cal group is a nethylazido group.

The method of claim 7 or 8, wherein the four dNTP

anal ogues have the follow ng structures:
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13. The nethod of claim 12, wherein the four dNTP
anal ogues have the follow ng structures:
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17.

18.
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o] [o] [0

[ | I
0—p—0—P—0—P—0

| | |

o] [o] [o]

The net hod

consecuti ve

The et hod

consecuti ve
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of claim 7 or

nucl eoti des are

of claim 7 or

nucl eoti des are

Ny

8, wherein
i dentifi ed.

8, wherein
i dentifi ed.

PCT/US2008/011891

up to 1000
up to Ixl0O4
up to IxlOS

nucleic acid

surface is a

The nethod of <claim 7 or 8, wherein

consecutive nucleotides are identified.

The nethod of claim 7 or wherein the

is inmobilized on a solid surface.

The nmethod of claim 17, wherein the solid

chip or a bead.

A kit for use in sequencing a nucleic acid conprising:

(a)

a plurality of four

nucl eoti de anal ogues having

t he
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(by instructions for use.

20. The kit of claim 19, conprising four nucleotide

anal ogues having the follow ng structures:
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21. An array conprising a nucleic acid attached to a solid
surface, wherein the nucleic acid conpri ses an
azi donmet hyl group attached to a 3' 0O atom thereof and
a nmol ecul e having the structure:

O

o
\O

o/\B
N3

wherein o represents a point of attachment to a 3

base of the nucleic acid and [ represents a point of

attachment to a detectable marker.

22.  An  array conprising a self-primng nucleic acid
attached to a solid surface, wherein the nucleic acid
conprises an azidonmethyl group attached to a 3 0 atom

t hereof and a nol ecule having the structure:
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O/\B
N

wherein o represents a point of attachnent to a 3-

base of the nucleic acid and [ represents a point of

attachnent to a detectable narker.

The array of claim 21 or 22, wherein the detectable

marker is a fluorophore.

A nmethod for increasing a read length of DNA
sequencing by synthesis conprising (a) provi di ng

deoxynucl eotide triphosphate anal ogues wherein the
deoxynucl eotide triphosphate anal ogues differ from
deoxynucl eotide triphosphates by having a nethylazido

group attached to a 3° 0 atom thereof and by having a
detectable marker attached to a 1 nitrogen or a 9
nitrogen of a base thereof through a |inker conprising

the structure

O

o
\O
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wherein O represents a point of attachnment to a the

base and [ represents a point of attachnment to the
detectable marker and (b) incorporating a plurality of
the deoxynucl eotide tri phosphate anal ogues into a
nucleic acid being synthesized in the DNA sequencing
by synthesis and (¢) cleaving the nethylazido and
detectable marker from each incorporated dNTP anal ogue,
so as to thereby increase the read length of the DNA

sequence by synthesis.

A nmethod for determning the identity of each of a
series of consecutive nucleotide residues in a nucleic

acid conpri sing:
a) contacting the nucleic acid wth (i) at | east
four different deoxynucleotide triphosphate (dNTP)

anal ogues, each having the structure:

L F
b
(0] O O
| | I
o_———P—O—-P——O—T—O o
boobod

OR
wherein F is a fluorophore, b is a base which is

adeni ne, guani ne, cyt osi ne, ur aci | or thym ne,

wherein the fluorophore attached through a Iinker
to each type of base differs in its emssion or
excitation spectra from a fluorophore attached to
each of the remmining types of bases, and each of
t he four dNTP anal ogues differs from the

r emai ni ng three dNTP anal ogues by having a
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di fferent base, and wherein L is a cleavable

linker nolecule conprising the structure:

a\”jv )v @/LN/\/N

wherein o represents a point of attachnent to the

’

base and [3 represents a point of attachnment to the
f 1 uor ophore, and wher ei n R is a cl eavabl e
cheni cal group, (ii) a nucleic acid polynerase
and (iii) a nucleic acid primer which hybridizes
with the nucleic acid,

under conditions pernmitting one of the four dNTP
anal ogues t hat is compl enent ary to t he
consecutive nucleotide residue to be identified
to form a phosphodi ester bond with the 3' end of
the nucleic acid primer and thereby extend the
pri nmer;

b.identifying the fluorophore of the dNTP anal ogue
which has forned the phosphodi ester bond, thereby
identifying the consecutive nucleotide;

c. contacting the dNTP analogue which has formed the
phosphodi est er bond W th tris(2-
car boxyet hyl ) phosphi ne so as to thereby (1)
cl eave t he fl uorophore and (2) cl eave t he
cl eavabl e chemical group from the dNTP;

d.iteratively repeating steps a) through «¢) for
each of the consecutive nucleotide residues to be
identified wuntil the final consecutive nucleotide
residue is to be identified;

e. repeating steps a) and b) to identify the final

consecutive nucleotide residue,



WO 2009/051807 PCT/US2008/011891

158

thereby determ ning the identity of each of the
series of consecutive nucl eoti de resi dues in the

nucl eic acid.

26. A nethod for determining the identity of each of a
series of consecutive nucleotide residues in a self-
priming nucleic acid conprising:

a) contacting the self-priming nucleic acid with (i)

at | east four different deoxynucl eot i de
tri phosphate (dNTP) anal ogues, each having the
structure :
L F
b

0
o.—P—O—P——-O—FI’—O o

bbb

OR

wherein F is a fluorophore, b is a base which is
adeni ne, guani ne, cyt osi ne, ur aci | or thym ne,

wherein the fluorophore attached through a Iinker
to each type of base differs in its enmission or
excitation spectra from a fluorophore attached to
each of the remaining types of bases, and each of
t he four dNTP anal ogues differs from the
remai ni ng t hree dNTP  anal ogues by having a
di fferent base, and wherein L is a cleavable

linker nolecule conprising the structure:

o) N, o)
a o O N
N "o NN
H H

’
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wherein o represents a point of attachnent to the

base and P represents a point of attachnent to the
f I uor ophor e, and wher ei n R is a cl eavabl e
cheni cal group, and (ii) a nucl ei c acid
pol ymer ase,

under conditions permtting (a) the self-primng
nucleic acid to prinme itself and (b) one of the
four dNTP analogues that is conplenmentary to the
consecutive nucleotide residue to be identified
to form a phosphodiester bond with the 3* end of
the self-priming nucleic acid prinmer and thereby
extend the self-primng nucleic acid;

identifying the fluorophore of the dNTP anal ogue
which has fornmed the phosphodi ester bond, thereby-
identifying the consecutive nucleotide;

contacting the dNTP anal ogue which has fornmed the
phosphodi est er bond Wi th tris (2-
car boxyet hyl ) phosphi ne so as to thereby (1)
cl eave t he fl uor ophore and (2) cl eave t he
cl eavable chemcal group from the dNTP;
iteratively repeating steps a) through «¢) for
each of the consecutive nucleotide residues to be
identified wuntil the final consecutive nucleotide
residue is to be identified;

repeating steps a) and b) to identify the final

consecutive nucleotide residue,

thereby determining the identity of each of the

series of consecutive nucl eoti de resi dues in the

self-primng nucleic acid.
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27. The nethod of claim 25 or 26, wherein steps b) and c)
can be performed simultaneously, or in the order step
b) then step c¢c) or in the order step c) then step b).
28. The method of claim 25 or 26, wherein the nucleic acid
is DNA and the nucleic acid polynerase is a 9°N
t her nopol yner ase .
29. The nmethod of claim 25 or 26, wherein the cleavable
chem cal group is a methylazido group.
30.. The nmethod of claim 25 or 26, wherein the four dNTP
anal ogues have the follow ng structures:
) S S
0. 0. N
N N i ]
NH, //
.
. £ 7
——T—O—T—O—T—O o
o- o o}
oM
Ao J o
(o} O N
\/\ /\/
N ° N
o /
HN l \
o) o oNHZ N7 N
o—%—o—%—o—l: — 0
o- o- o
o] N3
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31. The net hod of claim 30, wher ei n the four dNTP

anal ogues have the follow ng structures:

N3
O )\/o N
N)k/ \/\o N/\/
H H
N, )
L
X
o o N
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———P—O—T—O—T_O o
(o] [l [o]
o) N3
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32. A nethod for determining the identity of each of a
series of consecutive nucl eot i de resi dues in a
plurality of nucleic acids conprising, the sanme series
of consecutive nucleotides conprising:

a) contacting the nucleic acids wth (i) at |east
f our di fferent di deoxynucl eoti de tri phosphate

(ddNTP) anal ogues, each having the structure:
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L F
b
(0] O 0
oL, ]
o—P—0— —-—o—F|>—o o.
oLl
wher ei n F is a fluorophore, L is a cleavable

linker nolecule and b is a base which is adenine,

guani ne, cytosine, wuracil or thym ne, wherein the
fluorophore attached through a linker to each
type of base differs in its em ssi on or

excitation spectra from a fluorophore attached
through a linker to each of the remaining types
of bases, and each of the four ddNTP anal ogues
differs from the remaining three ddNTP anal ogues
by having a different base, and wherein L

conmprises the structure:

a\nL )v \Q)H/\/N

wherein o represents a point of attachment to the

4

base of the dideoxynucleotide and [ represents a
point of attachment to the fluorophore, and
(ii) at | east four di fferent deoxynucl eoti de

tri phosphat e (dNTP) anal ogue, each having the

structure :
b
o 0 0
I | |
o_—P—O—P——O—T—O o
bbbl

OR
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wherein b is a base which is adenine, guani ne,
cytosine, wuracil or thymne, and each of the four
dNTP analogues differs from the remaining three
dNTP analogues by having a different base, and
wherein R is a cleavable chemical group,

(iii) a nucleic acid polynerase and (iv) at |east
two priners each of which  hybridizes with a
separate nucleic acid of the plurality of nucleic
aci ds, '

under conditions permtting a ddNTP anal ogue that
is conplenentary to the consecutive nucl eoti de
residue in.the nucleic acid to be identified to
form a phosphodi ester bond with the 3* end of one
of the prinmers and a dNTP anal ogue t hat is
conpl ement ary to t he consecutive nucl eoti de
residue to be identified to form a phosphodiester
bond with the 3' end of another of the priners;
identifying the fluorophore of the ddNTP anal ogue
which has formed the phosphodiester bond thereby
i dentifying t he identify of t he consecutive
nucl eot i de;

cleaving the fluorophore from the ddNTP anal ogue
which has fornmed the phosphodiester bond and
cleaving the «cleavable chemical group from the
dNTP which has forned the phosphodi ester bond;
iteratively repeati ng steps a) through «c¢) for
each of the consecutive nucleotide residues to be
identified wuntil the final consecutive nucleotide
residue is to be identified;

repeating steps a) and b) to identify the final

consecutive nucleotide residue,
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thereby determining the identity of each of the
series of consecutive nucl eoti de resi dues in the

nucl ei ¢ aci d.

33. A nethod for determining the identity of consecutive
nucleotide residues in a self-priming nucleic acid
conprising :

a) contacting the nucleic acids wth (i) at |[east
four di fferent di deoxynucl eot i de tri phosphate

(ddNTP) anal ogues, each having the structure:

L F
b
(0] (@) (0]
I I I
o_—P—O—P—o—T———O o
L
wherein F is a fluorophore, L is a cleavable

linker nolecule and b is a base which is adenine,

guani ne, cytosine, wuracil or thymne, wherein the
fluorophore attached through a Ilinker to each
type of base differs in its em ssion or

excitation spectra from a fluorophore attached
through a linker to each of the remmining types
of bases, and each of the four ddNTP anal ogues
differs from the remaining three ddNTP anal ogues
by having a different base, and wherein L

conprises the structure:

o) Na 0
)J\/ J\/ N
a O 0 N
N ~"o NN
H H
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wherein o represents a point of attachnent to the

base of the dideoxynucleotide and [ represents a
point of attachment to the fluorophore, and

(ii) at | east four different deoxynucl eot i de
tri phosphate (dNTP) anal ogue, each having t he

structure :

OR

wherein b is a base which is adenine, guani ne,
cytosine, wuracil or thynine, and each of the four
dNTP analogues differs from the remaining three
dNTP analogues by having a different base, and
wherein R is a cleavable chem cal group,

(iii) a nucleic acid polynerase and (iv) at |east
two priners each of which hybridizes /vvith a
separate nucleic acid of the plurality of nucleic
aci ds,

under conditions pernmitting a ddNTP anal ogue that
is conplenmentary to the consecutive nucl eoti de
residue to be identified to form a phosphodiester
bond with the 3' end of one of the self-primng
nucl ei c aci ds and a dNTP anal ogue t hat is
conpl enent ary to t he consecutive nucl eoti de
residue to be identified to form a phosphodiester
bond with the 3 end of another of the self-

primng nucleic acids;
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b) identifying the fluorophore of the ddNTP anal ogue
which has formed the phosphodiester bond thereby-
i dentifying the identify of the consecutive
nucl eoti de;

c) cleaving the fluorophore from the ddNTP anal ogue
which has forned the phosphodiester bond and
cleaving the cleavable chem cal group from the
dNTP which has formed the phosphodi ester bond;

d) iteratively repeating steps a) through <¢) for
each of the consecutive nucleotide residues to be
identified wuntil the final consecutive nucleotide
residue is to be identified;

e) repeating steps a) and b) to identify the final
consecutive nucleotide residue,

thereby determining the identity of each of the

series of consecutive nucleotide residues in the

nucl ei ¢ aci d.

The method of claim 32 or 33, wherein steps b) and c¢)
can be perfornmed sinmultaneously, or in the order step

b) then step c¢c) or in the order step c¢) then step b).

The method of claim 32 or 33, wherein the nucleic acid
is DNA and the nucleic acid polynerase is a 9N

t her mopol yner ase

The nethod of claim 32 or 33, wherein the cleavable

chem cal group is a methylazido group.

The method of claim 32 or 33, wherein the linker on
the ddNTP and the chemical group on the 30 position
of the dNTP is cleaved with a phosphi ne.
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38. The method of claim 32 or 33, wherein the phosphine
charged and water sol uble.

is

39. The nethod of claim 32 or 33, wherein
tris (2-carboxyethyl) phosphine.

t he phosphine is

40. The nmethod of claim 32 or 33, wherein the four ddNTP
anal ogues have the follow ng structures:

o}

o} )\/O N
PN N amogoe ]

/ H H uorophore,
NHy /

=0
(o]
(o]
4

oO—1
)
oh
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ot
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H
o

N3 o]
H
0. O. N

i
1
(o]

I
_'U:
|

1
O—1=0
oz

o I
[;-

, and
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NHz )k/o\/\ )vo N
N/ y E (&) n _—ﬂuurophore.
O)\N

41. The method of clam 32 or 33, wherein the four dNTP
analogues have the following structures

(o]
N NH,
HN ' \> N7 N
s S
H,N" N7 N k\N N
0...0...0._.0 0...0...0._.0
/,P\_/,P\./,P\_ O- /,P\ /,P\ /,P\ 0o
O OO0 OO0 O ];" O 00 00 O
o\/NS O\/N3
b b
H CH
ey oy
"0.,.0..0. .00 N ‘0.,.0.,.0._.0— 0" N
AR R 0 AR R 0
O 00 00 O O 00 OO0 O
O Ns , and O N3

42. The method of clam 40, wherein the four ddNTP
analogues have the following structures

NH, // H
L

O—1=0
S
O'—'|U=O
S
O_—'L=O
S
(-
o]
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43. The nmethod of <claim 32 or 33, wherein up to 1000

consecutive nucleotides are identified.

44. The nethod of <claim 32 or 33 wherein up to IxIO*4

consecutive nucleotides are identified.

45. The method of claim 32 or 33, wherein up to IxIOS

consecutive nucleotides are identified.
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The nmethod of claim 32 or 33, wherein the nucleic acid

is imobilized on a solid surface

The nethod of claim 46, wherein the solid surface i
chip or a bead.

S a

A kit for use in sequencing a nucleic acid conprising:

(a) a plurality of four dideoxynucleotide anal ogues
having the structure:

o
fluorophore,
o Lo
N)I\/ ~ N\ o \©/u\ N
H

N3

Ed
(0]
fluorophore:
o~ o
N/[k/ ~N o \@L N/
H

o]
A
I

(o}
O
O
Z
I
(9
Zz

o
o=
b
ai
&
ol
&
(-

o)

b
Ns o}
o J o Lo
= N \/\o N/
Z H

x
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and
o]

7
Ny (o]
fluorophore,
" J o L o
45; N \\//\\o N//
N7 H H
Py
N U
) O——T—O—T-—O—T—O o

[o (o (oD

(b) a plurality

of deoxynucleotide analogues having
the structure :

(o]
N NH;
)% | y
H,NT N7 N L\N N
"0.,.0.,.0._.0 0.,.0._.0._.0
A ) ha\ ) A\ ) w AR RO
0 0000 O 0 00 00 O
O\/N3 O\/N3
b b
CH CH
Ty g
0._.0._.0.,.0—\©O " N 0. p-0<p-O- O~ 'N
AN o AR KR O
0 00 00 O 000 000
O Ns , and O N3
and
(¢) instructions for use.

49. The kit of

claim 48, conprising four

di deoxynucl eot i de
anal ogues havi ng

the follow ng structures:
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An array conprising a nucleic acid attached to a solid
surface, wher ei n the nucleic acid conprises an
azi domethyl group attached to a 3 0 atom thereof and

a nol ecul e having the structure:

a\”L )v @/LN/\/”

wherein o represents a point of attachnent to a 3

14

base of the nucleic acid and [ represents a point of

attachnment to a detectable narker.

An array conprising a self-primng nucleic acid
attached to a solid surface, wherein the nucleic acid
conprises an azidonmethyl group attached to a 3' 0 atom

t hereof and a nol ecule having the structure:

O
“\N)K/O /K/ \©)‘\N/\/N
H

wherein o represents a point of attachnent to a 3

I

base of the nucleic acid and [ represents a point of

attachnment to a detectable narker.

The array of claim 50 or 51, wherein the detectable

mar ker is a fluorophore.

A method is provided for increasing a read length of
DNA sequencing by synthesis coupled wth Sanger
di deoxynucl eoti de term nating reaction (a) providing

deoxynucl eoti de tri phosphate anal ogues wherein the
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deoxynucl eot i de tri phosphate anal ogues differ from
deoxynucl eotide triphosphates by having a nmethylazido
group attached to a 3' 0 atom thereof and providing
di deoxynucl eoti de tri phosphate anal ogues wherein the
di deoxynucl eoti de tri phosphate analogues differ from
di deoxynucl eotide triphosphates by having a detectable
marker attached to a 1 nitrogen or a 9 nitrogen of a

base thereof through a linker conprising the structure

axﬂjv )v \@/M/\/N

wherein « represents a point of attachnment to a the

b

base and [ represents a point of attachment to the
detectable marker, (b) incorporating a plurality ratio
of di deoxynucl eoti de tri phosphate to deoxynucleotide

tri phosphate anal ogues into a nucleic acid being
synthesized in the DNA sequencing by synthesis and (c)

cleaving the nethylazido and detectable wmarker from
each incorporated dNTP anal ogue, so as to thereby
increase the read Ilength of the DNA sequence by-

synt hesi s .

A nmethod for determining the identity of each of a
series of consecutive nucleotide residues in a nucleic
acid conpri sing:
a) contacting the nucleic acid wth (i) at |east
four different deoxynucleotide triphosphate (dNTP)

anal ogues, each having the structure:
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OR
wherein F is a fluorophore, b is a base which is

adeni ne, guani ne, cyt osi ne, ur aci | or thym ne,

wherein the fluorophore attached through a Iinker
to each type of base differs in its emssion or
excitation spectra from a fluorophore attached to
each of the remmining types of bases, and each of
t he four dNTP anal ogues differs from the

remai ni ng t hree dNTP  anal ogues by having a

di fferent base, wherein L is a cleavable Iinker
nmol ecul e, and R is a cleavable chem cal group
whi ch is not hydr ogen, (ii) a nucleic aci d

pol ynerase and (iii) a nucleic acid primer which
hybridizes with the nucleic acid,

under conditions pernmitting one of the four dNTP
anal ogues t hat is conpl enent ary to t he
consecutive nucleotide residue to be identified
to form a phosphodi ester bond with the 3' end of
the nucleic acid priner and thereby extend the

pri mer;

b) identifying the fluorophore of the dNTP anal ogue which

has

f or med t he phosphodi est er bond, t her eby

identifying the consecutive nucleotide;

c) cleaving the linker attaching the fluorophore of the

dNTP anal ogue which has forned the phosphodiester bond
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and cleaving the cleavable chem cal group from
dNTP;

d) iteratively repeating steps a) through c¢) for each

t he

of

the consecutive nucleotide residues to be identified

until the final consecutive nucleotide residue is

be identified;

to

e) repeating steps a) and b) to identify the final

consecutive nucleotide residue,

f) denaturing the extended priner so as to de-hybridize

it from the nucleic acid;

g) contacting the nucleic acid with (i) at least four

di fferent deoxynucl eot i de tri phosphate (dNTP)
anal ogues, each conpri si ng an adeni ne, guani ne,
cyt osne, uracil, nmosme or 5-nitorindole base and
each differing from a deoxynucleotide triphosphate by
having a cleavable <chemical group attached to the 3
O-atom of the dNTP, (ii) a nucleic acid polynerase and

(in) a second nucleic acid primer which hybridizes

with the nucleic acid, under conditions permtting
of the four dNTP analogues that 1is conplenentary
the consecutive nucleotide residue to be identified
form a phosphodiester bond with the 3' end of
second nucleic acid prinmer and thereby extend
second primer;

h) cleaving the chemical group from the 3' 0-atom of

one

to

to

t he
t he

t he

dNTP anal ogue which has formed the phosphodiester bond

so as to thereby permt incorporation of a further

dNTP analogue into the extended second nucleic acid

pri mer;

i)iteratively repeating steps g) and h) until the second

pri mer is extended up to and including a residue
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correspondi ng to the final consecuti ve nucl eoti de
residue identified in step e);

contacting the extended second prinmer wth (i) at
| east four di fferent deoxynucl eoti de tri phosphate

(dNTP) anal ogues, each having the structure:

L F
b

0

[ = J—— [ = P
O- I (@) I O l| (o] o)

IO

OR

wherein F is a fluorophore, b is a base which is
adeni ne, guanine, cytosine, wuracil or thymne, wherein

the fluorophore attached through a linker to each type
of base differs in its emssion or excitation spectra
from a fluorophore attached to each of the renaining
types of bases, and each of the four dNTP anal ogues
differs from the remaining three dNTP analogues by
having a different base, wherein L is a cleavable
linker nolecule, and R is a cleavable chenical group
which is not hydrogen, under conditions permtting one
of the four dNTP analogues that is complenmentary to
t he next consecutive nucl eoti de resi due to be
identified to form a phosphodiester bond with the 3
end of the extended second nucleic acid primer and
thereby further extend the second prinmer;

identifying the fluorophore of the dNTP anal ogue which
has f or med t he phosphodi est er bond, t her eby
identifying the consecutive nucleotide;

cleaving the fluorophore and the cleavable chem cal

gr oup from the dNTP analogue which fornmed the
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phosphodi est er bond SO as to t her eby perm t
incorporation of a further dNTP analogue into the
extended second nucleic acid priner;

iteratively repeating steps j) through 1) for each of
the consecutive nucleotide residues to be identified
until the final consecutive nucleotide residue is to
be identified;

repeating steps j) and k) to identify the final
consecutive nucleotide residue,

so as to thereby determne the identity of each of the
series of consecutive nucl eotide residues in the

nucl ei ¢ aci d.

The method of claim 54, wherein the linker in each of
step a) and j) independently each conprise the
structure:

O

™~

o/\B

N3 , or the structure::

0
a\N/”\/O /K/ \©)\N/\/N
H

wherein o represents a point of attachment to the base

and [ represents a point of attachnent to the

fl uorophore, and wherein R is a cleavable chenical

gr oup.
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56. The nethod of <claim 54 or 55, wherein a linker is
cl eaved by contacting t he

i nker Wi th tris(2-
car boxyet hyl )phosphi ne .

57. The nethod of claim 55  wherein one

or nore linkers
are photocl eavable or

chem cally cleavable.

58. The method of claim 55, wherein one or

nore chem cal
groups are photocl eavabl e

or chemically cleavable.

59. The net hod of claim 54 or 55,

wher ei n R in the
structures set forth

in steps a) and or

j) is
i ndependently chosen from a -N; group or an allyl
gr oup.

60. The nmethod of claim 54 or 55 wherein the cleavable
chemi cal group in step g) is independently chosen from
the a -Ng group or an allyl group.

61. A nethod for determining the

identity of each of a

series of consecutive nucleotide residues

in a nucleic
acid conprising:
a) contacting the

four different

nucleic acid wth (i) at | east

deoxynucl eot i de

tri phosphate (dNTP)
anal ogues, each having

the structure:

OR
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wherein F is a fluorophore, b is a base which is
adeni ne, guani ne, cyt osi ne, ur aci | or thym ne,

wherein the fluorophore attached through a Iinker
to each type of base differs in its enmission or
excitation spectra from a fluorophore attached to
each of the remaining types of bases, and each of
t he f our dNTP anal ogues differs from the

remai ni ng t hree dNTP  anal ogues by having a

di fferent base, wherein L is a cleavable |Iinker
nol ecul e, and R is a cleavable chem cal group
whi ch is not hydr ogen, (ii) a nucleic acid

polynmerase and (iii) a nucleic acid prinmer which
hybridizes with the nucleic acid,
under conditions permitting one of the four dNTP
anal ogues t hat is conmpl enent ary to t he
consecutive nucleotide residue to be identified
to form a phosphodi ester bond with the 3' end of
the nucleic acid prinmer and thereby extend the
pri nmer;
identifying the fluorophore of the dNTP anal ogue which
has f or med t he phosphodi est er bond, t her eby
identifying the consecutive nucleotide;
cleaving the linker attaching the fluorophore of the
dNTP anal ogue which has fornmed the phosphodi ester bond
and cleaving the cleavable chenical group from the
dNTP;
iteratively repeating steps a) through c¢) for each of
the consecutive nucleotide residues to be identified
until the final consecutive nucleotide residue is to
be identified;
repeating steps a) and b) to identify the final

consecutive nucleotide residue,
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denaturing the extended priner so as to de-hybridize
it from the nucleic acid;

contacting the nucleic acid with (i) three different

types of deoxynucleotide triphosphate, (ii) a nucleic
acid polynerase and (iii) a second nucleic acid prinmer
whi ch hybri di zes w th t he nucl ei c aci d, under
conditions permitting one of the three dNTP anal ogues
that is conplenentary to the consecutive nucleotide
residue to be identified to form a phosphodi ester bond
with the 3' end of the second nucleic acid prinmer and
thereby extend the second nucleic acid priner;

contacting the nucleic acid with (i) three different

types of deoxynucl eotide tri phosphate, , wherein at
| east one of the types of deoxynucleotide triphosphate

is not wused in step g¢g), under conditions pernitting
one of the three dNTP analogues that is conplenentary

to the consecutive nucleotide residue to be identified
to form a phosphodi ester bond with the 3' end of the
ext ended second nucl ei c acid prinmer and thereby
further extend the second nucleic acid priner;

repeating steps g) and h) wuntil the second nucleic
acid primer is extended up to and including a residue
correspondi ng to the final consecutive nucl eoti de
residue identified in step e)

contacting the extended second nucleic acid prinmer
w th (i) at | east f our di fferent deoxynucl eoti de

tri phosphat e (dNTP) anal ogues, each havi ng t he

structure:
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OR
wherein F is a fluorophore, b is a base which is

adeni ne, guanine, cytosine, wuracil or thym ne, wherein
the fluorophore attached through a linker to each type
of base differs in its emssion or excitation spectra
from a fluorophore attached to each of the remaining
types of bases, and each of the four dNTP anal ogues
differs from the remaining three " dNTP anal ogues by
having a different base, wherein L is a cleavable
linker nolecule, and R is a cleavable chem cal group
which is not hydrogen, wunder conditions permtting one
of the four dNTP analogues that is conplenentary to
t he next consecutive nucl eot i de resi due to Dbe
identified to form a phosphodiester bond with the 3
end of the extended second nucleic acid prinmer and
thereby further extend the second prinmner;

identifying the fluorophore of the dNTP anal ogue which
has f or med t he phosphodi est er bond, t her eby
identifying the consecutive nucleotide;

cleaving the fluorophore and the cleavable chem cal
group from the dNTP analogue which fornmed the
phosphodi est er bond so as to t her eby perm t
incorporation of a further dNTP analogue into the
extended second nucleic acid priner;

iteratively repeating steps j) through 1) for each of

the consecutive nucleotide residues to be identified
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until the final consecutive nucleotide residue is to
be identified;
n) repeating steps j) and k) to identify the final

consecutive nucleotide residue,
so as to thereby determining the identity of each of
the series of consecutive nucleotide residues in the

nucl ei ¢ aci d.

62. The nethod of claim 61, wherein in steps g) and h) the
three types of dNTPs are chosen from the group dATP,
dCTP, dGTP, dTTP or dI TP

63. The method of claim 61, wherein the linker in each of
step a) and ) independently each conprise the
structure :

0]
a
\O

o/\B

N3 , or the structure::

a\gjv )v ©)K/\/”

wherein o represents a point of attachnment to the base

and [ represents a point of attachnent to the

fl uorophore, and wherein R is a cleavable chemni cal

group.
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The method of <claim 61 or 63, wherein a |inker is
cl eaved by contacting t he i nker Wi th tris(2-
car boxyet hyl ) phosphi ne .
The method of claim 61, wherein one or nore |inkers

are photocl eavable or chenically cleavable.

The method of claim 61, wherein one or nore chem cal

groups are photocleavable or chemically cleavable.

The nethod of claim 61 or 63, wher ei n R in the
structures set forth in steps a) and or j) is

i ndependently chosen from a -N; group or an allyl

group.

The method of claim 61 or 63, wherein the cleavable
chem cal group in step g) is independently chosen from

a -N; group or an allyl group.

A nmethod for determining the identity of each of a
series of consecutive nucleotide residues in a nucleic

acid conpri sing:
a) contacting the nucleic acid wth (i) at | east
four different deoxynucleotide triphosphate (dNTP)

anal ogues, each having the structure:

OR
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wherein F is a fluorophore, b is a base which is
adeni ne, guani ne, cyt osi ne, ur aci | or thym ne,

wherein the fluorophore attached through a |inker

to each type of base differs in its emssion or
excitation spectra from a fluorophore attached to
each of the renmmining types of bases, and each of
t he f our dNTP anal ogues differs from the

r emai ni ng t hree dNTP  anal ogues by having a

di fferent base, wherein L is a cleavable |inker
nol ecul e, and R is a cleavable chenical group
whi ch is not hydr ogen, (ii) a nucleic acid

polynmerase and (iii) a nucleic acid primer which
.hybridizes with the nucleic acid,

under <conditions permtting one of the four dNTP
anal ogues t hat is conpl ement ary to t he
consecutive nucleotide residue to be identified
to form a phosphodiester bond with the 3' end of

the nucleic acid prinmer and thereby extend the

pri ner;
identifying the fluorophore of the dNTP anal ogue which
has f or med t he phosphodi est er bond, t her eby-
identifying the consecutive nucleotide;
cleaving the Ilinker attaching the fluorophore of the

dNTP anal ogue which has forned the phosphodiester bond
and cleaving the cleavable chenical group from the
dNTP;

iteratively repeating steps a) through <c¢) for each of
the consecutive nucleotide residues to be identified

until the final consecutive nucleotide residue is to
be identified;

repeati ng steps a) and b) to identify the final

consecutive nucleotide residue,
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denaturing the extended priner so as to de-hybridize
it from the nucleic acid;

contacting the nucleic acid with (i) three different
types of deoxynucl eot i de tri phosphates, (ii) a
deoxynucl eot i de tri phosphate anal ogue, differing from
a deoxynucl eoti de tri phosphate by having a cleavable
chemical group attached to the 3' 0-atom of the dNTP
anal ogue and differing from the three different types
of deoxynucl eotide triphosphates by having a different
base therefrom (iii) a nucleic acid polynmerase and
(ivy a second nucleic acid primer which hybridizes
with the nucleic acid, wunder conditions pernmitting one
of the three dNITPs or the dNTP analogue that is
conplenentary to the consecutive nucleotide residue to
be identified to form a phosphodiester bond with the
3 end of the second nucleic acid prinmer and thereby
extend the second nucleic acid priner;

cleaving the cleavable <chenmical group from the 3 -OR
gr oup;

repeating steps g) and h) until the second nucleic
acid primer is extended up to and including a residue
correspondi ng to the final consecutive nucl eoti de
residue identified in step e)

contacting the -extended second nucleic acid prinmer
w th (i) at | east f our di fferent deoxynucl eot i de
tri phosphat e (dNTP) anal ogues, each havi ng t he

structure :



WO 2009/051807 PCT/US2008/011891

k)

1)

m)

188

|
|
(@]
O—‘|J=O
@]

OR
wherein F is a fluorophore, b is a base which is

adeni ne, guanine, cytosine, wuracil or thymne, wherein
the fluorophore attached through a linker to each type
of base differs in its emssion or excitation spectra
from a fluorophore attached to each of the remaining
types of bases, and each of the four dNTP anal ogues
differs from the remaining three dNTP analogues by
having a different base, wherein L is a cleavable
linker nolecule, and R is a cleavable chem cal group
which is not hydrogen, wunder conditions permtting one
of the four dNTP analogues that is conplenentary to
t he next consecutive nucl eoti de resi due to be
identified to form a phosphodiester bond with the 3
end of the extended second nucleic acid prinmer and
thereby further extend the second prinmner;

identifying the fluorophore of the dNTP anal ogue which
has formed t he phosphodi est er bond, t her eby
identifying the consecutive nucleotide;

cleaving the fluorophore and the cleavable chem cal
gr oup from the dNTP analogue which forned the
phosphodi est er bond so as to t her eby perm t
incorporation of a further dNTP analogue into the
extended second nucleic acid priner;

iteratively repeating steps j) through 1) for each of

the consecutive nucleotide residues to be identified



WO 2009/051807 PCT/US2008/011891

189
until the final consecutive nucleotide residue is to
be identified;
n) repeating steps j) and «k) to identify the final

consecutive nucleotide residue,
so as to thereby determine the identity of each of the
series of consecutive nucl eoti de resi dues in the

nucl ei ¢ aci d.

70. The nmethod of claim 69, wherein in step g) the three
types of dNTPs are chosen from the group dATP, dCTP,
dGTP and dTTP.

71. The nmethod of claim 69, wherein the linker in each of
step a) and j) independently each conprise the
structure :

O
a
\O

o/\B

N3 , or the structure :

o]
“\NJ\/O J\/ \@*N/\/N
H

wherein o represents a point of attachnent to the base

and [ represents a point of attachment to the

fl uorophore, and wherein R is a cleavable chen cal

group.
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The method of claim 69 or 71, wherein a linker is
cleaved by contacting the |inker with tris(2-

car boxyet hyl )phosphi ne .

The nethod of claim 69, wherein one or nore |linkers

are photocl eavable or chemcally cleavable.

The nethod of claim 69, wherein one or nore chem cal

groups are photocl eavable or chem cally cleavable.

The nmethod of claim 69 or 71, wherein R in the
structures set forth in steps a) and or ) is

i ndependently chosen from a -N; group or an allyl

group .

The nethod of claim 69 or 71, wherein the cleavable
chem cal group in step g) is independently chosen from
the a -Ng group or an allyl group.
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