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.

<t
> y

H
O

^
 ^

,0
H

O
s
. 

^
,0

1
,N

a
N

O
:,

/H
C

l/
H

;,
0

N
H

, 
2
, 
K

I/
K

R

O
y
 '
O

C
H

.

0

H
O

^
 ^

.0

P
h

-,
P

H
/P

d(
A

cO
);

-1
 T

E
A

*
/M

e
O

H

0
^

~
O

C
H

3
 
0

"
 
'O

C
H

3

(3
)

H
^

N
^

-^
O

H
 H

O
O

C
K

.

(5
) 

p
p

h
2
°

*T
E

A
 =

 T
ri

et
h

y
la

m
in

e;
**

N
H

S
 =

 N
-H

y
d

ro
x
y
su

cc
in

im
id

e

P
P

h
,

N
H

S

O
C

H
.

(D
P

P
h

20

0 re n 0
^ t^
>

G
.I

V
I

(t re <M 0 M a
c G Ô
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"

f̂fi b

F
IG

U
R

E
 5

0 s lN
> s

1
, 

N
a

N
3

/D
M

S
O

O
E

t 
—

v
- 

—
>

- 
N

3
2,

 N
aO

H
/M

eO
H

/H
20

;
H

CI

O
H

 ,
.,

.N
H

S
 ^

 ^

.V
l

ffi ro s\ 0 t^
»

o
c

H
?
N

'
'A

C
G

T
A

C
G

T
A

—
 3

' -
^

 N
A

C
G

T
A

C
G

T
A

—
 3

' (
2

)
a C

/)
0

\
9
\

4̂
-. 0 ~-1 's
0 w ls
>



U.S. Patent Dec. 16,2003 Sheet 7 of 28 US 6,664,079 B2

X"

ico

£0

0000

Ul
to ooo

0000

_LO_
t€»000

^̂
c

ŷ'
p
>̂-M

fe

/^
10

®
0-- "£" "^

a: co

0)
w
CO
0)

<
z
ec

0000

0000

U-)

fe>0001

0010



0 0
a C/

3
tt ŵ (-
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ŷ^t

x ^
'~-^i_'

u

CQ
ID
^
^Î
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B ŷ c
t
- ffi s

N
aB

H
^/

E
tO

H

N
,N

'-d
is

u
cc

in
im

id
e 

ca
rb

on
at

e/
E

|
N

G f6 n 0
\ t^ 0 8 w f6 C6 t<
>

J
-. t^ s
o d w .<
?
'

•
^

» 0
^

9
\

.(
.»

: 0 <1 ^
0 w 1s
t



U.S. Patent Dec. i6,2003 Sheet 25 of 28 US 6,664,079 B2

r^

y
p̂'

0
wfe

0
0
0

0028



0 0 K
)

(D

F
IG

U
R

E
 2

2

S
'-
A

C
T

C
G

A
G

G
T

A
C

G
-O

N
H

.

H
N

-̂
0

-

H •
Y

°r
0

0
,-

<
J

O
R

G (/
2

» ŷ (-
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MASSIVE PARALLEL METHOD FOR 1988) and involves delectiug the identity of each nucleotide
DECODING DNA AND RNA as it is incorporated into the growing strand of DNA in a

polymerase reaction. Such a scheme coupled with the chip
This application claims the benefit of U.S. Provisional fomiat and laser-induced fluorescent detection has the

Application No. 60/300,894, filed Juu. 26, 2001, and is a 5 potential to markedly increase. the throughput of DNA

contiauation-in-part of U.S.Ser. No. 09/684,670, filed Oct. sequencing projects. Consequently, several groups have
6, 2000, the contents of both of which are hereby incorpo- investigated such ji system with an aim to construct an ultra

rated by retereDce in Iheir entireties inlo this application, high-throughput DNA ^sequencing procedure (Cheeseman
1994, Metzker et al. 1994). Thus far, no corn]

BACKGROUND OF THE INVENTION ^ ^ suchasyslem"to unambiguously sequence DNA has
Throughout this application, various publications are ref- been reported. The pyrosequencug approach that employs

erenced in parentheses by author and year. Full citations for four natural nucleotides (comprising a base of adenine (A),
these references may be found at the end of the specification cytosine (C), guanine (G), or thymine (T)) and several other

immediately preceding the claims. The disclosures of these enzymes for sequencing DNA by synthesis is now widely
publications in their entireties are hereby incorporated by ^ used for mutation detection (Ronaghi 1998). In this

reference into this application to more fully describe the approach, the detection is baSed on the pyrophosphate (PPi)

state of the art to which this invention pertains, released during the DNA polymerase reaction, the quanti-

The ability to sequence deoxyribonucleic acid (DNA) tative conversion of pyrophosphate to adenosine triphos-

accurately and rapidly is revolutionizing biology and medi- phate (ATP) by sulfurylase, and the subsequent.production

cine. The confluence of the massive Human Genome Project 20 °^ VIsible light by firefiy luciferase. This procedure can only

is driving an exponential growth in the development of high sequence up to 30 base pairs (bps) of nucleoticle sequences,
throughput genetic analysis Technologies. This rapid tech- and each of the 4 nucleotides needs to be added separately

nological development involving chemistry, engineering, and detected separately. Long stretches of the same bases

biology, and computer science makes it possible to move cannot be identified unambiguously with the pyrosequenc-
from studying single genes at a time to analyzing and 35 In8 method.

comparing entire geuomes. More recent work in the literature exploring DNA

With the completion of the first entire human genome sequencing by a synthesis method is mostly focused on

sequence map, many areas in the genome that are highly designing and synthesizing a pbolocleavable chemical moi-
polymorphic in both exons and introns will be known. The ety that is linked to a fluorescent dye to cap the 3'—OH

pharmacogenomics challenge is to comprehensively identify 30 group of deoxynucleoside triphosphates (dNTPs) (Welch et

the genes and functional polymorphisms associated with the al. 1999). Limited success for the incorporation of the
variability in drug response (Roses, 2000). Resequencing of 3'-modified nucleotide by DNApolymerase is reported. The

polymorphic areas in the genome that are linked to disease reason is that the 3'-position on the deoxyribose is very close
development wfll contribute greatly to the understanding of to the amino acid residues in the active site of the

diseases, such as cancer, and therapeutic development. Thus, 35 polymerase, and the polymerase is therefore sensitive to
high-throughput accurate methods for resequencing the modification in Ihis area of Ihe deoxyribose ring. On the
highly variable intron/exon regions of the genome are other hand, il is known that modified DNA polymerases

needed in order to explore the full potential of the complete (Thermo sequenase and Taq FS polymerase) are able to

human genome sequence map. The current state-of-the-art recognize nucleotides with extensive modifications with

Technology for high throughput DNA sequencing, such as 40 bulky groups such as energy transfer dyes al the 5-position
used for the Human Genome Project (Pennisi 2000), is ofthepyrimidines(TanclC)aDdatthe7-positionofpurines

capillary array DNA sequencers using laser induced fluo- (G and A) (Rosenblum et al. 1997, Zhu et al. 1994). The

rescence detection (Smith et al., 1986; Ju et al. 1995, 1996; tcrnary complexes of rat DNApolymerase, a DNAlcmplate-
Kheterpal et al. 1996; Salas-Solano et al. 1998). Improve- primer, and dideoxycytidine triphosphate (ddCTP) have

meats in the polymerase that lead to uniform termination 45 been determined (Pcllctier et al. 1994) which supports this

eiEciency and Ihe introduction of thermoslable polymerases fact. As shown in FIG. 1, the 3-D structure indicates that the

have also significantly improved the quality of sequencing surrounding area of the 3'-posliou of the deoxyribose ring m

data (Tabor and Richardson, 1987, 1995). Although capil- ddCTP is very crowded, while there is ample space for

lary array DNA sequencing technology to some extent modification on the 5-position the cytidine base.

addresses the throughput and read length requirements of 50 The approach disclosed in the present application is to

large scale DNA sequencing projects, the thrcmghput and make nucleotide analogues by linking a unique label such as

accuracy required for mutation studies needs to be improved a fluorescent dye or a mass lag through a cleavable liaker to

for a wide variety of applications ranging from disease gene the micleotide base or an analogue of the nuclcotide base,

discovery to forensic identification. For example, electro- • such as to the 5-position of the pyrimidines (T and C) and

phoresis based DNA sequencing methods have difBculty 55 to the 7-position of the purines (G and A), to use a small
detecting heterozygoles unambiguously and are not 100% cleavable chemical moiety to cap the 3'—OH group of the

accurate in regions rich in nucleotides comprising guanine deoxyribose to make it nonreactive, and to incorporate the

or cytosine due to compressions (Bowling et al. 1991; nucleotide analogues into the growing DNA strand as ter-
Yamakawa et al. 1997). In addition, the first few bases after minators. Detection of the unique label will yield the

the priming site are often masked by Ihe high fluoresceoce 60 sequence idenlily of ihe nucleotide. Upon removing the

sigDiil from excess dye-labeled primers or dye-Iabeled label and the 3'—OH capping group, the polymerase reac-
terminators, and are therefore difficult to identify. Therefore, tion will proceed to incorporate the next nucleotide analogue
the requirement of electrophoresis for DNA sequencing is and detect the next base.
still the bottleneck for high-throughput DNAs
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a photocleavable moiety capping the 3-1—OH group. If
small chemical rooielies thai can be easily cleaved chemi-
cally with high yield can be used to cap the 3'—OH group,
such nucleotide analogues should also be recognized as
substrates for DNA polymerase. It has been reported that 5
S'-O-methoxy-deoxynucleotides are good substrates for sev-
era! polymerases (Axelrod et al. 1978). 3'-0-allyl-dATPwas

also shown to be incorporated by Ventr(exo-) DNA poly-
merase in the growing strand of DNA (Metzker et al. 1994).

However, the procedure to chemically cleave the melhoxy ^Q

group is stringent and requires anhydrous conditions. Thus,
il is nol practical lo use a methoxy group lo cap Ihe 3'—OH

group for sequencing DNAby synthesis. An ester group was
also explored to cap the 3'—OH group of the nucleolide, but

it was shown to be cleaved by the nucleophiles in the active

site in DNA polymerase (Canard et al. 1995). Chemical

groups with electrophiles such as ketone groups are not
suitable for protecting the 3'—OH of the nucleotide in

enzymatic reactions due to the existence of strong nucleo-

philes in the polymerase. It is known that MOM ^g

(-CH20CH3) and allyl (—CH2CH=CH2) groups can be
used to cap an —OH group, and can be cleaved chemically

wilh high yield (Ireland et al. 1986; Kamal et al. 1999). The
approach disclosed in the present applicalion is to incorpo-

rate nucleotide analogues, which are labeled with cleavable, ^

unique labels such as fluorescent dyes or mass tags and
where the 3'—OH is capped with a cleavable chemical

moiety such as either a MOM group (—CH^OCiy or an

allyl group (—CH;;CH=CH;>), into the growing strand

DNA as terminators. The optimized nucleotide set ^

(y-KO'^'LABELll 3'-KO~ C'LABEI.2.1 V-RO~G~LABEL3s 3'-KO~

T~LABEL4' where R denotes the chemical group used to cap
the 3'—OH) can Ihen be used for DNA sequencing by the

synthesis approach.

There are many advantages of using mass spectrometry 35
(MS) lo detect small and stable molecules. For example, Ihe

mass resolution can be as good as one dalton. Thus, com-

pared to gel electropharesis sequencing systems and the
laser induced fluorescence detection approach which have

overlapping fiuorescence emission spectra, leading to het- 40
erozygote detection difficulty, the MS approach disclosed in

this application produces very high resolution of sequencing

data by detecting the cleaved small mass tags instead of the

long DNA fragment. This method also produces extremely

fast separation in the time scale of microseconds. The high 45
resolution allows accurate digital mutation and heterozygote

detection. Another advantage of sequencing with mass spec-

trometry by detecting the small mass tags is that the com-
pressions associated with gel based systems are completely

eliminated. 50

In order to mainlain a continuous hybridized primer

extension product with the template DNA, a primer that

contains a stable loop to form an entity capable of self-
priming in a polymerase reaction can be ligated to the 3' end

of each single stranded DNA template that is immobilized 55

on a solid surface such as a chip. This approach will solve

the problem of washing oft' Ihe growing extension products

in each cycle.

Saxon and Bertozzi (2000) developed an elegant and

highly specific coupling chemistry linking a specific group 60
that contains a phosphine moiety lo an azido group on the

surface of a biological cell. In the present application, this
coupling chemistry is adopted to create a solid surface which

is coated with a covalenlly linked.phospbine moiety, and to

generate polymerase chain reaction (PCR) products thai 65
contain an azido group at the 5' end for specific coupling of

the DNA lemplale with [he solid surface. One example of a

solid surface is glass channels which have an inner wall with

an uneven or porous surface to increase the surface area.

Another example is a chip.

The present application discloses a novel and advanta-
geous syslem for DNA sequencing by Ihe synlhesis

approach which employs a slable DNA template, which is

able to self prime for the polymerase reaction, covalently
linked to a solid surface such as a chip, and 4 unique

nucleotides analogues ^•-RO-^-LABEI.I, S'-RO-

this novel system will allow the development of an ultra

high-throughput and high fidelity DNA sequencing system
for polymorphism, pharmacogenelics applications and for

whole genome sequencing. This fast and accurate DNA
15 resequencing system is needed in such fields as detection of

single nucleolide polymorphisms (SNPS) (Chee el al. 1996),
serial analysis of gene expression (SAGE) (Velculescu el al.

1995), idenlificaticm in forensics, and genetic disease asso-

ciatioD studies.

SUMMARY OP THE INVENTION

This invention is directed to a method for sequencing a
nucleic acid by detecting the identity of a nucleotide ana-

logue after the nucleolide analogue is incorporated inlo a
growing slraiid of DNA in a polymerase reaction, which

comprises the following steps:

(i) attaching a 5' end of the nucleic acid to a solid surface;

(ii) attaching a primer to the nucleic acid altached to the

solid surface;

(iii) adding a polymerase and one or more difl'erent

nucleolide analogues to the nucleic acid to thereby

incorporate a nucleotide analogue into the growing
strand of DNA, wherein the incorporated nucleotide

analogue terminates the polymerase reaction and

wherein each different nucleotide analogue comprises
(a) a base selected from the group consisting of

adenine, guanine, cytosine, thymine, and uracil, and
their analogues; (b) a unique label attached through a
cleavable linker to the base or to an analogue of the

base; (c) a deoxyribose; and (d) a cleavable chemical

group lo cap an —OH group al a 3'-position of Ihe
deoxyribose;

(iv) washing the solid surface to remove unincorporaled

nucleotide analogues;

(v) detecting the unique label attached to the nucleotide

analogue that has been incorporated into the growing

strand of DNA, so as to thereby identify the incorpo-

rated nucleotide analogue;

(vi) adding one or more chemical compounds to perma-

nently cap any unreacted —OH group on the primer

attached to the nucleic acid or on a primer extension
strand formed by adding one or more nucleolides or

nucleotide analogues to Ihe primer;

(vii) cleaving the cleavable linker between the nucleotide

analogue that was incorporated into the growing strand

of DNA and Ihe unique label;

(viii) cleaving the cleavable chemical group capping the
—OH group at the 3'-position of the deoxyribose to

uncap Ihe —OH group, and washing the solid surface

lo remove cleaved compounds; and

(ix) repeating steps (iii) through (viii) so as to detect the
iclenlily of a newly incorporaled nucleolide analogue
islo Ihe growing strand of DNA;

wherein if the unique label is a dye, the order of steps (v)

through (vii) is: (v), (vi), and (vii); and
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wherein if the unique label is a mass tag, the order of steps group. FAM, 5-carboxyfluoresceia; R6G,
(v) through (vii) is: (vi), (vii), and (v). 6-carboxyrhodaaune-6G; TAM, N,N,N',N'-tetramethyl-6-

The invention provides a method of allaching a nucleic carboxyrhodamine; ROX, 6-carboxy-X-rhodamine. R=H,
acid to a solid surface which comprises: CH^OCI-I, (MOM) or €^?=€N2

(i) coaling the solid surface wilh a phosphinc moiely, 5 FIG. 8: A represenlative scheme for the synthesis of the

(ii) attaching an azido group to a 5' end of the nucleic acid, micleotide analogue 3,^o-G-r»nr A similar scheme can be
an,;] used to create the other three modified nucleotides: y_j,o-

(iii) immobilizing the 5' end of the nucleic add to the soUd A'-DV,>'1'. ..3,'-RO ,-z>3"?2'. _3,\-KO. Df,e.4 (1\ t.et/rak
'surface "through ~ interactioD"between the phosphme ^ ^ri^eny^ho^h.i^pa^ad^m<0^ w l0^3'
^^ on&^s^^^^y^^ w B^N:P^PhosPhale; (ui) NI^OH; (iv) Na,C03/NaHC03
5'endofthenudeicacid. ° - - (pH=9.0)/DMSO.

The invention provides a nucleotide analogue which FIG. 9: A scheme for testing the sequencing by synthesis
comprises: ~ - approach. Each nucleotide, modified by the attachment of a

(a) a base selected from the group consisting of adenine 15 un^ue.^Tscenld^is^ddedoneby_c^
vor an analogue oFad6mn6:cyt-osme~oran°ana]ogue~of '" compumenlar2tempkte;T^dye^dete^6d^^

cylosiDe,^gu'amneoran7nalogue"ofguanine,"lh^mine ^4t5^:pproach- Dyel=Fam; Dy62=R6G; Dye3=Tam;
or an analogue of thymine, and uracil or an analogue of "ji--»=i^uA.

uracil: - FIG- 10: The expected photocleavage products of DNA

(b) a unique label attached through a cleavable Unker to 20 conlaimDg a Photo-cleavable dye(Tam). Ught absoiption
ttie base or to'an analogue ofAe base; ~— " -- (300-^60 nm^by^the aromatic 2^itrobenzyl moiety causes

reduction of the 2-nitro group to a nitroso group and an
(c) a aeoxynoose; ana oxygen insertion into the carbon-hydrogen bond located in
(d) a cleavable chemical group to cap an —OH group at (he 2-position followed by cleavage and decarboxylation

a 3'-position of the deoxyribose. ('Pillai

me invention provides ^aparaUel mass ^spectrometry 25 FIG. U: Synthesis of PC-LC-Biotin-FAM to evaluate the

syslem'_WI!ichc.ompris6s aPlurality °f atmosphenc pressure ^tolysis efficiency oTlhe'fluo'rophore "couplecl'with the
chemical.wrizadoDmass spectrometers for parauel analysis photocleavabTe Hnker 2-nitrobenzyf group.'
of a plurality of samples comprising mass tags. ' ~ ,.,^-7-..-,,~,--._-L'."----^-'---"--"-~-~-Z-^'' ""^ _.^ -r

FIG. 12: Fluorescence spectra (\.,.=480 nm) of PC-LC-

BRIEF DESCRIPTION OF THE FIGURES 30 Biolin-EAM immobilized on a microscope glass sUde coated
with streptavidin (a); after 10 min photolysis X,y,=350 nm;

FIG. 1: The 3D structure of the teraary complexes of rat -0.5 mW/cm ) (b); and after washing with water to remove
DNA polymerase, a DNA template-primer, and dideoxycy- the photocleaved dye (c).

tidmetriphosphate(ddCTP). The left side of the illustration FIGS. 13A-13B: Synthetic scheme for capping the
shows the mechanism for the addition of ddCTP and the 35 31_QH of nucleotide.

right side oUhe illustration shows the active site of the pio ^, chemical cleavage of the MOM group (top row)
polymerase. Note^that the 3' position of the dideoxyribose ^ (he allyl group (bottomrow) to free the'S'—OH^n the
ring is very crowded, whUe ample space is available at the nucleotide.' CITMS=chlorotrimethykilane.
5 position of the cvtidine base. ^,^^ .,-.„„ ^ ,,. .

FIGS. 15A-15B: Examples of energy transfer coupled
FIGS; 2A-2B: Scheme of sequencing by the synthesis 40 ^ systems, where Fam or Cy2 is employed as a light

approach. A: Example wherejhe^unique labels are dyes and absorber (energy transfer donor) and Cl^Fam, C1,R6G,
the solid surface is a chip. V: Example where the unique c^Tam, or Cl^Rox as an energy transfer" acceptor* Cy2;

labels are mass^tags and ^the solid surface is channels etched cyaniDe; FAM, 5-carboxyfluorcsccin; R6G,

into a glass chip. A, C, G, T, nucleotide triphosphates ^ 6-carboxyrhodamine-6G; TAM, N,N,N',NI-lelramethyl-6-

comprising bases adenine, cytosine, guanine, and thymine; 45 carboxyrbodamine; ROX, 6-carboxy-X-rhodamine.

d:dwxr' dd^it!eoxy;JR^leav£leLLhemical group used to FIG.' 16: The synthesis of a photodeavable energy trans-
cap_lhe-OH!?oup;.Y'cleavableliDk6r' ..... . fer'dye-iabeiednucleotide~DMF7dYmrthylformidT^

FJ[G;^:The synthelic scheme for the immobilizalion of an l-(3-dimethylaminopropyl)-3-elhylcarbodimide hydrochlo-

azido (N3) labeled DNA fragment to a solid surface coated ^^ nd'e. R=H, CH^OC^ (MOM) or CH,CH=CH^ (AUyl)
with''_.tl^''ylphosphme moiety-Me'methyl group; p' phos- 5° FIG. 17: Structures of}om mass tag precurso^nd four

lorus; ra, pnenyi. photoactive mass tags. Precursors: a) acetophenone; b)
FIG. 4: The synthesis of triarylphosphine 3-fluoroacetophenone; c) 3,4-difluoroacetophenone; and d)

N-hydroxysuccimmide (NHS) ester. 3,4-dimcthoxyacetophenone. Four photoactive mass tags are

FIG. 5: The synthetic scheme for attaching an azido (N3) ^ used to code for the identity of each of the four nucleotides

group through a linker to the 5' end of a DNA fragment, (A, C, G, T).

which is then used to couple with the triarylphosphine FIG. 18: Atmospheric Pressure Chemical lonization

moiety on a solid surface. DMSO, dimethylsulfonyl oxide. (APCI) mass spectrum of mass tag precursors shown in FIG.

FIGS. 6A-6B: Ligate the looped primer (B) to the immo- 17.

bilized single stranded DNA template forming a self primed so FIG. 19: Examples of structures of four nucleotide ana-

DNA template moiety on a solid surface. P (in circle), logues for use in the sequeDcing by synthesis approach. Each

phosphate. nucleotide analogue has a unique mass tag attached to the
FIG. 7: Examples of structures of four nucleotide ana- base through a pholocleavable linker, and the 3'—OH is

logues for use in the sequencing by synthesis approach. Each either exposed or capped with a MOM group or an allyl

nudeotide analogue has a unique fiuorescent dye attached to 65 group. The square brackets indicated that the mass tag is
the base through a photocleavable linker and the 3'—OH is cleavable. R=H, CHzOCH3 (MOM) or CILCH=CH2

either exposed or capped with a MOM group or an allyl (Ally 1).
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FIG. 20: Example of synthesis of NHS ester of one mass

tag (Tag-3). A similar scheme is used to create other mass

lags.

FIG. 21: A representative scheme for the synthesis of the

nucleolicle analogue y.so'^'Tu s3- A sitnilar scheme is used 5

to creale Ihe other three modified bases 3'^o-A-j; i, y.so'

c-Tag2, 3'-Ro-T-ng4 (0 letrakis(triphenylphosphine)
palladium(O); (ii) POCL;, Bn.(N"pyrophosphate; (iii)
NH40H; (iv) Na2C03/NaHC03 (pH=9.0)/DMSO.

FIG.22: Examples of expected pholocleavage products of 10
DNA containing a photocleavable mass tag.

FIG. 23: System for DNA sequencing comprising mul-

tiple channels in parallel and multiple mass spectrometers in
parallel. The example shows 96 channels in a silica glass ^

chip.

FIG. 24: Parallel mass speclromelry system for DNA

sequencing. Example shows three mass speclrometers in
parallel. Samples are injected into the ioa source where they

are mixed with a nebulizer gas and ionized. A turbo pump is 20

used to continuously sweep away free radicals, neutral

compounds and other undesirable elements coming from the

ion source. A second turbo pump is used to generate a

continuous vacuum in all three analyzers and detectors

simultaneously. The acquired signal is then converted to a 35
digital signal by the A/D converter. All three signals are then

sent to the data acquisition processor to convert the signal to
identify the mass tag in the injected sample and thus identify

the nucleotide sequence.

30
DETAILED DESCRIPTION OF THE

INVENTION

35

The following definitions are presented as an aid in

understanding this invention.

As used herein, to cap an —OH group means to replace
the "H" in the —OH group with a chemical group. As

disclosed hereu, the —OH group of the nucleotide analogue

is capped with a cleavable chemical group. To uncap an
—OH group means to cleave the chemical group from a

capped —OH group and to replace the chemical group with
"H", i.e., to replace the "R" in —OR with "H" wherein "R"

is the chemical group used to cap the —OH group.

The nucleotide bases are abbreviated as follows: adenine

(A), cytosine (C), guamne (G), Ihymine (T), and uracil 45
An analogue of a nucleotide base refers to a structural and

functional derivative of the base of a aucleotide which can

be recognized by polymerase as a substrate. That is, for
example, an analogue of adenine (A) should form hydrogen

bonds with Ihymine (T), a C analogue should form hydrogen 50
bonds with G, a G analogue should form hydrogen bonds

wilh C, and a T analogue should form hydrogen bonds wilh
A, in a double helix format. Examples of analogues of

nucleolide bases include, but are not limited to. 7-deaza-

adenine and 7-deaza-guamne, wherein the nitrogen atom at 55
the 7-position of adenine or guanine is substituted with a

carbon atom.

Anucleolide analogue refers to a chemical compound that
is structurally and functionally similar to the nucleotide, i.e.

the nuclcotidc analogue can be recognized by polymerase as 60
a substratc. Thai is, for example, a nucleotide analogue

comprising adenine or an analogue of adenine should form

hydrogen bonds with thymine, a nucleotide analogue com-

prising C or an analogue of C should form hydrogen bonds

wilb G, a micleolide analogue comprising G or an analogue 65
of G should form hydrogen bonds with C, and a nucleotide

analogue comprising T or an analogue of T should form

hydrogen bonds with A, in a double helix formal. Examples
of nucleotide analogues disclosed herein include analogues

which comprise an analogue of [he nucleolide base such as

7-deaza-adenine or 7-deaza-guanine, wherein the nitrogen
atom at the 7-position of adenine or guanine is substituted

wilh a carbon atom. Further examples include analogues in
which a label is attached through a cleavable Unker to the

5-posilion of cylosine or thymine or to the 7-position of
deaza-adenine or deaza-guanine. Other examples include

analogues in which a small chemical moiety such as
—CH20CI-I3 or —CH2CH=CH2 is used to cap the —OH

group at Ihe S'-posilion of cleoxyribose. Analogues of

dideoxynucleotides can similarly be prepared.

As used herein, a porous surface is a surface which

contains pores or is otherwise uneven, such that the surface
area of Ihe porous surface is increased relative to Ihe surface
area when the surface is smooth.

The present invention is directed to a method for sequenc-

ing a nucleic acid by delecling the identity of a nucleotide

analogue after ihe nucleotide analogue is Incorporated into

a growing strand of DNA in a polymerase reaction, which
comprises the following steps:

(i) attaching a 5' end of the micleic acid to a solid surface;

(ii) attaching a primer lo Ihe nucleic acid attached la the

solid surface;

(iii) adding a polymerase and one or more differeot

nucleolide analogues to the nucleic acid lo thereby

incorporate a nucleoticle analogue into the growing
strand of DNA, wherein the incoqiorated nucleotide

analogue terminates (he polymerase reaction and
wherein each different nucleolide analogue comprises

(a) a base selected from the group consisting of

aclenine, guanine, cytosine, thymme, and uracil, and
their analogues; (b) a unique label attached through a

cleavable tinker lo the base or to an analogue of Ihe

base; (c) a deoxyribose; and (d) a cleavable chemical
group to cap an —OH group at a 3'-posilion of the
deoxyribose;

(iv) washing the solid surface to remove unincorporated

nucleolide analogues;

(v) detecting the unique label attached to the nucleotide

analogue that has been incorporated into the growing

strand of DNA, so as to thereby identify the incorpo-

rated nucleolide analogue;

(vi) adding one or more chemical compounds to perma-

nently cap any unreacted —OH group on the primer
attached to the nucleic acid or on a primer extension

strand formed by adding one or more nucleotides or
nucleotide analogues to the primer;

(vii) cleaving the cleavable linker between the nucleotide

analogue that was iDcoqiorated into Ihe growing strand
of DNA and the unique label;

(viii) cleaving the cleavable chemical group capping the

—OH group at the 3'-posilion of the deoxyribose to

uncap the —OH group, and washing the solid surface

lo remove cleaved compounds; and

(ix) repealing steps (iii) through (viii) so as to detect the
identity of a newly incorporated nucleotide analogue
inlo Ihe growing slrand ol DNA;

wherein if the unique label is a dye, llie order of steps (v)

through (vii) is: (v), (vi), and (vii); and
wherein if the unique label is a mass tag, the order of steps

(v) through (vii) is: (vi), (vii), and (v).
In one embodiment of any of the nucleotide analogues

described herein, Ihe nucleolide base is adenine. In one
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embodiment, the nucleotide base is guanine. In one
embodiment, the nucleotide base is cvlosine. In one

embodimenl. Ihe nucleolide base is Ihvmine. In one

embodiment, the nucleotide base is uracil. In one

embodiment, the nucleotide base is an analogue of adenine. 5

In one embodiment, the nucleotide base is an analogue of
guanine. In one embodiment, the nucleotide base is an

analogue of cytosine. In one embodiment, the nucleotide
base is an analogue of thymioe. In one embodiment, the

nucleotide base is an analogue of uracil. 10
In different embodiments of any of the inventions

described herein, the solid surface is glass, silicon, or gold.

In different embodiments, the solid surface is a magnetic

bead, a chip, a channel in a chip, or a porous channel in a

chip. In one embodiment, the solid surface is glass. In one 15
embodiment, the solid surface is silicon. In one

embodiment, the solid surface is gold. In one embodimenls,
the solid surface is a magnetic bead. In one embodiment, the

solid surface is a chip. In one embodiment, the solid surface

is a channel in a chip. In one embodiment, the solid surface 20
is a porous channel in a chip. Other materials can also be

used as long as the material does not interfere with the steps
of the method.

In one embodiment, the step of attaching the nucleic acid

to the solid surface comprises: 25

(i) coating the solid surface with a phosphine moiety,

(ii) attaching an azido group to the 5' end of the nucleic

acid, and

(iii) immobiUziDg the 5' end of the nucleic acid to the solid
surface through interaction between the phosphine

moiety on the solid surface and the azido group on the

5' end of the nucleic acid.
In one embodiment, the step of coating the solid surface

with the phosphine moiety comprises:

(i) coaling the surface with a primary amine, and

(ii) covalently coupling a N-hydroxysuccinimidyl ester of
triarylphosphine with the primary amine.

In one embodiment, the micleic acid that is attached to the
solid surface is a single-stranded cleoxyribomicleic acid 40

(DNA). In another embodiment, the nucleic acid that is

attached to the solid surface in step (i) is a clouble-stranded

DNA, wherein only one strand is directly attached to the

solid surface, and wherein the strand that is not directly

attached to the solid surface is removed by denaturing before 45
proceeding to step (ii). In one embodiment, the nucleic acid
that is attached to tne solid surface is a ribonucleic acid

(RNA), and the polymerase in step (ili) is reverse Iran-

scnptase.
In one embodiment, the primer is attached to a 3' end of 50

the nucleic acid in step (ii), and the attached primer com-

prises a stable loop and an —OH group at a 3'-posilion of a

deoxynbose capable of self-priming in the polymerase rcac-
tion. In one embodiment, the step of attaching the primer to

Ihe nucleic acid comprises hybridizing the primer lo Ihc 55

nucleic acid or ligatiag the primer to the nucleic acid. In one
embodiment, the primer is attached to the nucleic acid
through a Ugation reaction which links the 3' end of the

nucleic acid with the 5' end of the primer.

In one embodiment, one or more of four diflerenl nude- 60
otide analogs is added in step (iii), wherein each dffierenl

nucleotide analogue comprises a different base selected from
the group consisting of thymine or uracil or an analogue of

thymine or uracil, adenine or an analogue of adenine,

cytosine or an analogue of cytosuie, and guamne or an 65
analogue of guanine, and wherein each of the four difl'erenl

nucleolide analogues comprises a unique label.

In one embodiment, the cleavable chemical group thai

caps the —OH group at the 3'-position of the deoxyribose in

the nucleoticle analogue is —CH^OCH,, or

—CH2CH==CH2. Any chemical group could be used as
long as the group 1) is stable during the polymerase reaction,

.2) does not interfere with the recognition of the nucleotide

analogue by polymerase as a substrate, and 3) is cleavable.

In one embodiment, the unique label that is attached to the
nucleolide analogue is a fluorescent moiety or a fluorescent

semiconductor crystal. In further embodiments, the fluorcs-

cent moiety is selected from the group consisting of
5-carboxyfluorescein, 6-carboxyrhodamme-6G, N,N,N',N'-

tetramethyl-6-carboxyrhodamine, and 6-carboxy-X-

rhodamine. In one embodimenl, the fluorescent moiety is

5-carboxyfluorescein. In one embodiment, the fluorescent
moiety is 6-carboxyrhodamine-6G, N,N,N',N'-tetramethyl-

6-carboxyrhodamine. In one embodiment, the fluorescent

moiety is 6-carboxy-X-rhodamine.
In one embodiment, the unique label that is attached to the

nucleotide analogue is a fluorescence energy transfer tag
which comprises an energy transfer donor and an energy

transfer acceptor. In further embodiments, the energy trans-
fer donor is 5-carboxyfluorescein or cyanine, and wherein

the energy transfer acceptor is selected from the group

consisting of dichlorocarboxyfluorescein, dichloro-6-
carboxyrhodamine-60, dichloro-N,N,N',N'-tetramethyl-6-

carboxyrhodamine, and dichloro-6-carboxy-X-rhodamiDe.
In one embodiment, the energy transfer acceptor is dichlo-

rocarboxyfluorescein. In one embodimenl, the energy traas-
fer acceptor is dichloro-6-carboxyrhodaimne-6G. In one

embodiment, the energy transfer acceptor is dichloro-N,N,
N',N'-tetramethyl-6-carboxyrhodamine. In one embodiment,
the energy transfer acceptor is dichloro-6-carboxy-X-

rhodamine.
In one embodiment, the umque label that is attached to the

nucleolide analogue is a mass tag that can be detected and

differentiated by a mass spectromeler. In further
embodiments, the mass lag is selected from the group

consisting of a 2-nitro-a-methyl-benzyl group, a 2-nitro-a-
methyl-3-fluorobenzyl group, a 2-nitro-a-methyl-3,4-

difluorobenzyl group, and a 2-nitro-a-methyl-3,4-
dimethoxybenzyl group. In one embodiment, the mass tag is

a 2-nitro-a-methyl-benzyl group. In one embodiment, the

mass tag is a 2-mtro-a-methyl-3-fluorobenzyl group. In one
embodiment, the mass lag is a. 2-nitro-ct-methyl-3,4-

difluorobenzyl group. In one embodiment, the mass tag is a
2-nitro-a-methyl-3,4-dimethoxybenzyl group. In one

embodiment, the mass tag is detected using a parallel mass
spectrometry system which comprises a plurality of atmo-

spheric pressure chemical ionization mass spectrometers for

parallel analysis of a plurality of samples comprising mass

tags.
In one embodunent, the unique label is attached through

a cleavable liiiker to a 5-position of cytosine or thymine or

to a 7-posilion of deaza-adenine or deaza-guanine. The
unique label could also be attached through a cleavable
linker to another position in the nucleotide analogue as long

as the attachment of the label is stable during the polymerase

reaction and the nucleotide analog can be recognized by

polymerase as a substrate. For example, the clcavable label
could be attached to the deoxyribose.

In one embodiment, the linker between the unique label
and the nucleotide analogue is cleaved by a means selected

from the group consisting of one or more of a physical

means, a chemical means, a physical chemical means, heat,
and light. In one embodiment, the linker is cleaved by a

physical means. In one embodiment, the linker is cleaved by
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a chemical means. In one embodiment, the linker is cleaved

by a physical chemical means. In one embodiment, the
linker is cleaved by heal. In one embodiment, Ibe linker is
cleaved by light. In one embodiment, the linker is cleaved by

ultraviolet light. In a further embodiment, the cleavable 5
linker is a photocleavable linker which comprises a

2-nitrobenzyl moiety.

In one embodiment, the cleavable chemical group used to
cap the —OH group at the S'-position of the deoxyribose is

cleaved by a means selected from the group consisting of ]0

one or more of a physical means, a chemical means, a
physical chemical means, heat, and light. In one

embodiment, the linker is cleaved by a physical chemical

means. In one .embodiment, the linker is cleaved by heat. In
one embodiment, the linker is cleaved by light. In one 15
embodiment, the linker is cleaved by ultraviolet light.

In one embodiment, (he chemical compounds added in

step (vi) to permanently cap any unreacled —OH group on
the primer attached to the nucleic acid or on the primer

extension strand are a polymerase and one or more different 20
dideoxynucleotides or analogues of dideoxynucleotides. In

further embodiments, the different dideoxynucleotides are
selected from the group insisting of 2',3'-dideoxyadenosine

5'-triphosphate, 2',3'-dideoxyguanosine 5'-triphosphate,

2',3'-dideoxycytidine S'-triphosphate, 2',3'- 25
clideoxythymidine 5'-triphosphate, 2',3'-dideoxyuridine

5'-lriphosphase, and Iheir analogues. In one embodiment, [he
dideoxynucleotide is 2',3'-dideoxyadenosine

5'-triphosphate. In one embodiment, the dideoxynucleotide
is 2',3'-dideoxyguanosine 5'-triphosphate. In one 30

embodiment, the dideoxynucleotide is 2',3'-dideoxycytidiDC

5'-triphosphate. In one embodiment, the dideoxynucleotide
is 2',3'-dideoxythymidine 5'-triphosphate. In one

embodiment, the dideoxynucleotide is 2',3'-dideoxyuridme

5'-triphosphase. In one embodiment, the dideoxynucleoticle 35

is an analogue ol'2',3'-dideoxyadenosine 5'-lriphosphale. In

one embodiment, the dideoxynucleotide is an analogue of
2',3'-dideoxyguanosine S'-lriphosphale. In one embodiment,

the dicleoxynucleoticle is an analogue of 2',3'-
clideoxycytidine 5'-triphosphate. In one embodiment, the 40

dideoxynucleotide is an analogue of 2',3'-dideoxythymidine

S'-triphosphate. In one embodiment, the dicleoxynucleoticle
is an analogue of 2',3'-dideoxyuridine 5'-lriphosphase.

In one embodiment, a polymerase and one or more of four
different dideoxynucleotides are added in step (vi), wherein 45

each different dideoxynucleotide is selected from the group
consisting of 2',3'-dideoxyadenosine 5'-triphosphate or an

analogue of 2',3'-dideoxyadenosine 5'-triphosphate; 2',3'-
dideoxyguanosine S'-triphosphate or an analogue of 2',3'-

dideoxyguanosine 5'-triphosphate; 2',3'-dideoxycytidine 50
5'-triphosphate or an analogue of 2',3'-dideoxycytidine

5'-(riphosphate; and 2',3'-dideoxythymidine 5'-triphosphate

or 2',3'-dideoxyuridine 5'-triphosphase or an analogue of
2',3'-dideoxythymidine 5'-triphosphale or an analogue of

2',3'-clideoxyuridine 5'-triphosphase. In one embodiment, 55

the dideoxynucleotide is 2',3'-dideoxyadenosine

5'-triphosphate. In one embodiment, the dideoxynucleotide

is an analogue of 2',3'-dideoxyadenosine 5'-triphosphate. In
one embodiment, the dideoxynucleolide is 2',3'-

dideoxyguanosine S'-lriphosphate. In one embodiment, the 60

dideoxynucleotide is an analogue of21,3'-dideoxyguanosine

5'-lriphosphate. In one embodiment, the clideoxynucleolide
is 2',3'-dideoxycytidme S'-triphosphale. In one embodimenl,

the dideoxynucleotide is an analogue of 2',3'-

dideoxycyticline 5'-triphosphate. In one embodiment, the 65
dideoxynucleolide is 2',3'-dicleoxylhymidiDe

5'-lriphosphale. In one embodiment, the dideoxynucleotide

is 2',3'-dideoxyuricline 5'-triphosphase. In one embodiment,
the dideoxynucleotide is an analogue of 2',3'-
dideoxythymidine 5'-triphosphate. In one embodiment, the
dideoxynucleotide is an analogue of 2',3'-dideoxyuridine
5'-lriphosphase.

Another type of chemical compound that reacts specifi-
cally with the —OH group could also be used to perma-
nently cap any unreacted —OH group on the primer
attached to the nucleic acid or on an extension strand formed
by adding one or more nucleolides or nucleolidc analogues

to the primer.
The invention provides a method for simultaneously

sequencing a plurality of different nucleic acids, which
comprises simultaneously applying any of the methods
disclosed herein for sequencing a nucleic acid to the plu-
ralilv of dili'erent nucleic acids. In difl'erent embodiments,

[he method can be used to sequence from one to over
100,000 different nucleic acids simultaneously.

The invention provides for the use of any of the methods

disclosed herein for clelection of single micleotide

polymorphisms, genetic mutation analysis, serial analysis of
gene expression, gene expression analysis, identification in

forensics, genetic disease association studies, DNA

sequencing, genomic sequencing, translational analysis, or
transcriptional analysis.

The invention provides a method of attaching a nucleic
acid to a solid surface which comprises:

(i) coaling Ihe solid surface wilh a phosphine moiely,

(ii) attaching an azido group to a 5' end of the nucleic acid,

and

(iii) immobilizing the 5' end of the nucleic acid to the solid
surface through interaction between the phosphine
moiety on the solid surface and the azido group on the
5' end of the nucleic acid.

In one embodiment, the step of coating the solid surface
wilh the phosphine moiety comprises:

(i) coaling the surface with a primary amine, and

(ii) covnleully couplmg a N-hydroxysuccinimidyl ester of

triaryiphosphine with the primary amine.

la different embodiments, the solid surface is glass,

silicon, or gold. In different embodiments, the solid surface

is a magnetic bead, a chip, a channel in an chip or a porous
channel in a chip.

In different embodiments, the nucleic acid that is attached
to the solid surface is a single-stranded or double-stranded

DNA or a RNA. In one embodiment, the nucleic acid is a

double-slranded DNA and only one strand is attached to the
solid surface. ID a further embodiment, the strand of the

double-str.indedDNA that is not attached to the solid surface

is removed by denaturing.

The invention provides for the use of any of the methods
disclosed herein for attaching a nucleic acid to a surface for

gene expression analysis, microarray based gene expression

analysis, or mutation delection, translational analysis, tran-
scriptional analysis, or for other genetic applications.

The invention provides a nucleolicle analogue which
comprises:

(a) a base selected from the group consisting of adenine

or an analogue of adenine, cylosine or an analogue of

cytosine, guanine or an analogue of guanine, thymine

or an analogue ot thymine, and uracil or an analogue of
uracil;

(b) a unique label attached through a cleavable linker to

the base or to an analogue of the base;

(c)a deoxyribose; and
(d) a cleavable chemical group to cap an —OH group at

a 3'-posilion of the deoxyribose.
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In one embodiment of the nucleoticle analogue, the cleav-
able chemical group that caps the —OH group at the

S'-posilion of the deoxyribose is —CH;OCH3 or

-CH:,CH=CH:,.

In one embodiment, the unique label is a fluorescenl

moiety or a fluorescent semiconductor crystal. In further
embodiments, the fluorescent moiety is selected from the

group consisting of 5-carboxyfluorescein,
6-carboxyrhodamine-6G, N,N,N',N'-telramethyl-6-

carboxyrhodaminc, and 6-carboxy-X-rhodamme.

In one embodiment, the unique label is a fluorescence
energy transfer tag which comprises an energy transfer

donor and an energy transfer acceptor. In further
embodiments, the energy transfer donor is

14
and a 2-uitro-a-methyl-3,4-difluorobenzyl group,

dimethoxybenzyl group.
In one embodiment, the unique label is attached through

a cleavable linker to a 5-position of cytosine or thymine or
to a 7-position of deaza-adenine or deaza-guanine. The
unique label could also be attached through a cleavable
linker to another position in the nucleotide analogue as long
as the attachment of the label is stable during the polymerase
reaction and the nucleotide analog can be recognized by
polymerase as a substrate. For example, the cleavable label
could be attached to the deoxyribose.

In one embodiment, the linker between the unique label
and the nucleotide analogue is cleavable by a means selected
from the group consisting of one or more of a physical

means, a chemical means, a physical chemical means, heat,
5-carboxyfluorescein or cyanme, and wherein the energy 15 ^ ijght. in a furiher embod'imeat, the cleavable linker is a

transfer acceptpr is selected from the group consisting of photocleavable linker which comprises a 2-nilrobenzyl moi-
dichlorocarboxyfluorescein, dichloro-6-carboxyrhodamine-

6G, clichloro-N,N,N',N'-tetramethyl-6-carbQxyrhodamine,

and dichloro-6-carboxy-X-rhodamme.

In one embodiment, the unique label is a mass tag that can
be detected and differentiated by a mass spcctrometer. In

further embodiments, the mass tag is selected from the group
consisting of a 2-nitro-a-melhyl-benzyl group, a 2-nilro-a-

methyl-3-fluorobenzyl group, a 2-nitro-a-methyl-3,4-

ety.
In one embodiment, the deavable chemical group used to

cap the —OH group at the S'-position of the deoxyribosc is
cleavable by a means selected from the group consisting of

one or more of a physical means, a chemical means, a

physical chemical means, heat, and light.

In different embodiments, the nucleotide analogue is
selected from the group consisting of:

NH.

Dye],

Dvei. and
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wherein Dye^, Dye^, Dye3, and Dye4 are four different
unique labels; and

wherein R is a cleavable chemical group used to cap the
—OH group at the S'-posilioa of Ihe deoxyribose. 10

In different embodimenls, (he nucleotide analogue is

selected from Ihe group consisting of:

16

•O—P—0—P—0—P—0

0- 0-

^_/

HiCHsCHNs ;NHCH;,CH3,
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-0—P—0—P—0—P—0

0- 0-
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-continued

(Il3C)2N,

18

;N(CIl3)2, and

•0--P--0--

UN"

^-.....^<f '"»''

°--0--P-"0

ÔR

wherein R is —CH^OCI^ or —CH^CH^CH^.

In different embodiments, the nucleotide analogue is

selected from the group consisting of:

NHa

N^T\
000 "^NT^~~N''N'

-0—P—O—P—O—P—O
I I I
0- 0- 0- 0.

40

E
N^ ^C<_"Y-^.

0

H^N^ "y 'N

000
ii il _ n

"O—P—O—P—O—P—0-
1 ~ 1 1

45 0~ 0- 0-

H
.N^ ^0.

-continued

-NV°-Ta^1"» ' """"

000
11 II II

-0—P—O—P—O—P—O
I "I - I
0- 0- 0-

NH;

000
11 II II

-0-P—O—P—O—P—O
I I

0- 0- 0-

A.

•o-

OR

H

~~Y' Tag2, (;o wherein Tagi, Tag^, Tag3, and Tag4 are four different mass

^ tag labels; and

wherein R is a cleavable chemical group used to cap the

—OH group at the 3'-posilion of Ihe deoxyribose.

In different embodiments, the nuclcotidc analogue is

selected from the group consisting of:
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QB
-0—P-

I
0-

Qg
.0—p.

0

—P—0—P—0—P—0-

NH;

OMe;

OMe

wherein R is

The invention provides for the use any of the nucleotide

analogues disclosed herein for detection of single nucleotide

polymorphisms, genelic mulalion analysis, serial analysis of

gene expression, gene expression analysis, ideotification in

forensics, genetic disease association studies, DNA

sequencing, genomic sequencing, Iranslalional analysis, or

transcriptional analysis.

The invention provides a parallel ma&s speclrometry

system, which comprises a plurality of atmospheric pressure

chemical ionization mass spectrometers for parallel analysis

of a plurality of samples comprising mass tags. In one

embodiment, the mass spectrometers are quadrupole mass
spectromelers. In one embodiment, the mass speclromelers

are time-of-flight mass spectrometers. In one embodiment,

the mass spectrometers are contained in one device.In one

embodiment, the system further comprises two lurbo-

55

pumps, wherein one pump is used to generale a vacuum and

a second pump is used to remove undesired elements. In one

embodiment, the system comprises at least three mass

spectromelers. In one embodiment, [he mass tags have

molecular weights between 150 daltons and 250 daltons.

The invention provides for the use of the system for DNA

sequencing analysis, detection of single nucleotide

polymorphisms, genetic mutation analysis, serial analysis of

gene expression, gene expression analysis, identification in

forensics, genelic disease association sludies, DNA

sequencing, genomic sequencing, translational analysis, or

transcriptional analysis.

This invention will be better understood from Ihe Experi-

mental Details which follow. However, one skilled in the art

will readily appreciate that the specific methods and results
discussed are merely illustrative of the invention as

described more fully in the claims which follow thereafter.
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Experimental Details
1. The Sequencing by Synthesis Approach
Sequencing DNA by synthesis involves the detection of

the identity of each nucleotide as it is incorporated into the
growing strand of DNA in the polymerase reaction. The 5
fundamental requirements for such a system to work are: (1)
the availability of 4 nucleotide analogues (aA, aC, aG, aT)
each labeled with a unique label and containing a chemical
moiety capping the 3'—OH group; (2) the 4 nucleotide
analogues (aA, aC, aG, aT) need to be efGcienlly and
faithfully incorporated by DNA polymerase as terminators
in the polymerase reaction; (3) the tag and the group capping
the 3'—OH need to be removed with high yield to allow the
incorporation and detection of the next nucleotide; and (4)
the growing strand of DNA should survive the washing,
detection and cleavage processes to remain annealed to Ihe 15
DNA template,

The sequencing by synthesis approach disclosed herein is
illustrated in FIGS. 2A-2B. In FIG. 2A, an example is
shown where the unique labels are fluorescent dyes and the
surface is a chip; in FIG. 2B, the unique labels are mass tags 20
and the surface is channels etched into a chip. The synthesis

approach uses a solid surface such as a glass chip with an
immobilized DNA template that is able to self prime for
initiating the polymerase reaction, and four nucleotide ana-

lOgUeS (y-RO'^'LABELl' -i'-RO'^-'LABELZ^ 3'-RO~ 25

(J~LABEL3i y-Ro-^'LASEn) eact1 labeled with a unique label,
e.g. a fluorescent dye or a mass lag, at a specific location on
the purine or pyrimidine base, and a small cleavable chemi-
cal group (R) to cap the 3'—OH group. Upon adding the four

nucleotide analogues and DNApolymerase, only one micle- 30

otide analogue that is complementary to the next nucleotide

on the template is incorporated by the polymerase ou each
spot of the surface (step 1 in FIGS. 2A and 2B).

As shown in FIG. 2A, where the unique labels are dyes,
after removing the excess reagents and washing away any 35

unincorporated nucleotide analogues on the chip, a detector

is used to detect the unique label. For example, a four color
lluorescence imager is used lo image the surface of Ihe chip,

and the unique fluorescence emission from a specific dye on
the niicleoticle analogues on each spot of the chip will reveal 40

the identity of the incorporated nucleotide (step 2 in FIG.

2A). After imaging, the small amount of unreacted 3'—OH
group on the self-primed template moiety is capped by

excess dideoxymicleoside triphosphates (ddNTPs) (ddATP,
ddGTP, ddTTP, and ddCTP) and DNA polymerase to avoid 45
interference with the next round of synthesis (step 3 in FIG.

2A), a concept similar to the capping step in automated solid

phase DNA synthesis (Caruthers, 1985). The ddNTPs,
which lack a 3'-hydroxyl group, are chosen to cap the

unreacted 3'—OH of the nucleotide due to their small size 50

compared with the dye-labeled nucleotides, and the excel-
lent efEciency with which they are incorporated by DNA

polymerase. The dye moiety is then cleaved by light (-350
nm), and the R group protecting the 3'—OH is removed

chemicaUy lo generale free 3'—OH group with high yield 55

(step 4 in FIG. 2A). Awashing step is applied to wash away
the cleaved dyes and the R group. The self-primed DNA

moiety on the chip at this stage is ready for the next cycle

of the reaction to identify the next nucleotide sequence of the

template DNA (step 5 in FIG.2A). 60
It is a routine procedure now to immobilize high density

(>10,000 spots per chip) single stranded DNA on a 4 cmxl
cm glass chip (Schena et al. 1995). Thus, in the DNA

sequencing system disclosed herein, more than 10,000 bases

can be identified after each cycle and after 100 cycles, a 65
million base pairs wiU be generated from one sequencing

chip.

Possible DNA polymerases include 'niermo Sequenase,

Taq FS DNA polymerase, T7 DNA polymerase, and Vent

(exo-) DNA polymerase. The nuorescence emi&si'on from

each specific dye can be detected using a lluorimeter that is

equipped with an accessory to detect fluorescence from a

glass slide. For large scale evaluation, a multi-color scan-
ning system capable of detecting multiple different fluores-

cent dyes (500 nm-700 nm) (GSI Lumonics ScanArray

5000 Standard Biochip Scanning System) on a glass slide
can be used.

An example of the sequencing by synthesis approach
using mass tags is shown in FIG. 2B. The approach uses a

solid surface, such as a porous silica glass channels in a chip,
with immobilized DNAtemplate that is able to self prime for
initiating the polymerase reaction, and four nucleotide ana-

[yiiO'^Tagl' 3'-RO~^~TagV 3'-JlO~<J~Tag3' y-RO'^-'Tag^)

each labeled with a unique photocleavable mass tag on the

specific location of the base, and a small cleavable chemical

group (R) to cap the 3'—OH group. Upon adding the four

nucleotide analogues and DNApolymerase, only one nucle-
otide aDalogue that is complementary to the next nuclcotidc

on the template is incorporated by polymerase in each
channel of the glass chip (step 1 in FIG. 2B). After removing

the excess reagents and washing away any unincoqiorated

nucleotide analogues on the chip, the small amount of
unreacted 3'—OH group on the self-primed template moiety

is capped by excess ddNTPs (ddATP, ddGTP, dd'lTP and
ddCIT) and DNApolymerase to avoid mlerference with the

next round of synthesis (step 2 in FIG. 2B). The dclNTPs are
chosen to cap the unreactcd 3'—OH of the nucleotide clue to

their small size compared with the labeled nucleotides, and
their excellent efficiency to be incorporated by DNA poly-

merase. The mass tags are cleaved by irradiation with light

(-350 nm) (step 3 in FIG. 2B) and then detected with a mass
spectrometer. The unique mass of each tag yields the identity
of the nucleotide in each channel (step 4 in FIG. 2B). The R

protecting group is then removed chemically and washed
away to generate free 3'—OH group wilh high yield (step 5

in FIG. 2B). The self-primed DNAmoiety on the chip at this
stage is ready for the next cycle of the reaction to identify the

next nucleotide sequence of the template DNA (step 6 in

FIG. 2B).

Since the development of new ionizalion techniques such

as matrix assisted laser desorption ionization (MALDI) and

electrospray ionization (ESI), mass spectrometry has
become an indispensable tool in many areas of biomedical

research. Though these ionization methods are suitable for

the analysis of bioorganic molecules, such as peptides and
proteins, improvements in both detection and sample prepa-

ration are required for implementation of mass spectrometry

for DNA sequencing applications. Since the approach dis-
closed herein uses small and stable mass tags, there is no

need to detect large DNA sequencing fragments directly and
it is not necessary to use MALDI or ESI methods for

detection. Atmospheric pressure chemical ionization (APC1)

is an ionization method that uses a gas-phase ion-molecular

reaction at atmospheric pressure (Dizidic et al. 1975). In this

method, samples are introduced by either chromatography
or flow injection into a pneumatic nebulizer where they are

converted into smaU droplets by a high-speed beam of
nitrogen gas. When the heated gas and solution arrive at the

reaction area, the excess amount of solvent is ionized by
corona discharge. This ionized mobile phase acts as Ihe

ionizing agent toward the samples and yields pseudo

molecular (M+H)+ and (M-H)- ions. Due to the corona
discharge iouization method, high ioaization efGciency is

allainable, maintaining stable ionizatioa conclilions wilh
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detection sensitivity lower than femtomole region for small The self-primed DNA template moiely on the sequencing
and stable organic compounds. However, due to the limited chip is constructed as shown in FIG. 6 (A & B) using
detection of large molecules, ESI and MALDI have replaced enzymatic ligalion. A 5'-phos}-ihorylaled, 3'—OH capped
APCI for analysis ofpeptides and nucleic acids. Since in the ]oop oligonucleotide primer (B) is synthesized by a solid
approach disclosed the mass tags to be detected are rela- 5 phase DNA synthesizer. Primer (B) is synthesized using a
lively small and very stable orgaoic molecules, the ability to modified C pbosphoramidile whose 3—OH is capped with
detect^large biological molecules gamed by using ESI and ^^ „ MOM (—CH^OCl^) group or'an ally]

MALDI is wt ^ccssary. APCI has several advantages over (-CH^CH^H;,) group (designated"by "R" in FIG. 6) at

E.SI_and_MALDI_because. it,.does_not_requlre any.ledious the 3'-end of the oligonucleotick to prevent the self ligation
^kI^^CT^h.as^esal!i^OTmi^wllh"la^x 10 oFthe'primer'in'Ae'Ugation' reaction^ Thus, "the 'looped
t,°^eplre CTys^s^^n^t^ .ESYheJa.mple " Primer ^n"only"ligale 't^lhe"3''-endof"the"DNA templates
nature and sample precaration conditions fi.e. the existence p"i"1-* l-°" "!"/"&"'- -u '"^ ^-^i.u^u^ iu^ i^i-,^ ^"r^

^bv^^^r^~~s^^^~^]^z^'^ tw"emmobiuzedon^heseTn_cmgcyp^
ciency-'MALDl7equires"the-ackUtion of matnx'pnor'To li§ase (Zhang et^al. 1996) to form the s^lf-pnmed DMA

sample introduction into the mass spech-ometer and its speed template moiety (A). The looped primer (B)js designed to

is often limited by Ihe need to search for an ideal irradialion 15 contain a very stable loop_(Antao et al. 1991) and a stem
spot to oblam inl'erprelable mass spectra. These limilations coataining the sequence of M13 reverse DNA sequenciag
are overcome by APCI because the'mass tag solution can be primer for efficient priming in the polymerase reaction once
injected directly with no additional sample purification or the primer is ligated to the immobilized DNA on the
preparation into the mass spectrometer. Since the mass sequencing chip and the 3'—OH cap group is chemically
tagged samples are volatile and have small mass numbers, 20 cleaved ofE (Ireland et al. 1986; Kamal et al. 1999).
these compounds are easily detectablc by APCI ionization 3. Sequencing by Synthesis Evaluation Using Nucleotide

with high sensitivity. This system can be scaled up into a Analogues y.Ho'^'nyev y-no'C'cyev 3'-Ho~(J~Dyey V-HO'

high throughput operation. T~sye4
Each component of the sequeacing by synthesis system is A scheme has been developed for evaluating the pholo-

described in more detail below. 25 cleavage efficiency using different dyes and testing the

2. Construction of a Surface Containing Immobilized Self- sequencing by synthesis approach. Four nucleotide ana-

Primed DNA Moiely logues y_Ho-^-Dy^, y-HO-c-ny<,i, y-ifo-G-Dye3, 3'-ffo-T-Ov»4

The single stranded DNA templale immobilized on a each labeled wilh a unique Huorescent dye through a pho-

surface is prepared according to the scheme shown in FIG. tocleavable Unker are synthesized and used in the sequenc-
3. The surface can be, for example, a glass chip, such as a 30 ing by synthesis approach. Examples of dyes include, but are

4 cmxl cm glass chip, or channels in a glass chip. The not limited to: Dyel=FAM, 5-carboxyfluorescein; Dye2=

surface is first treated with 0.5 M NaOI-I, washed with water, R6G, 6-carboxyrhodamine-6G; Dye3=TAM, N,N,N',N'-
and then coated with high density tetramethyl-6-carboxyrhodamine; and Dye4=ROX,

3-aminopropyltrimethoxysilane in aqueous ethanol 6-carboxy-X-rhodamine. The structures of the 4 nucleotide

(Woolley et al. 1994) forming a primary amine surface. 35 analogues are shown in FIG. 7 (R=H).
N-Hydroxy Succimmidyl (NHS) ester of iriarylphosphine The pholocleavable2-mlrobenzylmoiety has been used lo

(1) is covalently coupled with the primary amine group link biotin to DNA and protein for efBcient removal by UV
convening. Ihe amine surface to a novel triarylphosphine light (-350 nm) (Olejnilt el al. 1995,1999). In the approach

surface, which specifically reacts with DNA containing an disclosed herein the 2-nitrobenzyl group is used to bridge
azido group (2) forming a chip with immobiUzed DNA. 40 the fluorescent dye and micleotide together to form Ihe dye

Since the azido group is only located at the 5' end of the labeled nucleotides as shown in FIG. 7.

DNA and Ihe coupling reaction is through the unique As a representative example, the synthesis of 3,_^o-G-^, 3
reaction of the triarylphosphine moiely with the azido group (Dye3=Tam) is shown in FIG. 8. 7-deaza-alkynylamino-

in aqueous solution (Saxon and Bertozzi 2000), such a DNA dGTP is prepared using well-established procedures (Prober
surface will provide an optimal condition for hybridization. 45 et al. 1987; Lee et al. 1992 and Hobbs et al. 1991).

The NI-IS ester of Iriarylphosphine (1) is prepared accord- Linker-Tam is synthesized by coupling the Photocleavable
ing to the scheme shown in FIG. 4. 3-diphenylphosphino- Linker (Rollaf 1982) with NHS-Tam. 7-deaza-

4-methoxycarbonyl-benzoic acid (3) is prepared according alkynylamino-dGTP is then coupled with the Linker-Tam to

to the procedure described by Bertozzi et al. (Saxon and produce y_no~G~TAM' The nucleolide analogues with a free
Bertozzi 2000). Treatment of (3) with 50 3'—OH (i.e., R=H) are good substrales for the polymerase.

N-Hydroxysuccinimide forms the corresponding NHS ester An immobffized DNA template is synthesized (FIG. 9) that

(4). Coupling of (4) with an amino carboxylic acid moiety contains a portion ofnucleotide sequence ACGTACGACGT

produces compound (5) that has a long linker (n=l to 10) for (SEQ ID NO: 1) that has no repeated sequences after the

optimized coupling with DNA on the surface. Treatment of priming site. y_Ho~^-~Dyei al'Icl DNApolymerase are added to

(5) with N-Hydroxysuccinimide generates the NHS ester (1) 55 the self-primed DNA moiely and il is incorporated to the 3'
which is ready for coupling with the primary amine coated site of the DNA. Then the steps in FIG. 2A are followed (the

surface (FIG. 3). chemical cleavage step is not required here because the
The azido labeled DNA (2) is synthesized according to the 3'—OH is free) to detect the fluorescent signal from Dye-1

scheme shown in FIG. 5. Treatment of elhyl ester of at 520 nm. Next, y.no'C'Dyei is added to image the fluo-

5-bromovaleric acid with sodium azide and then hydrolysis 60 rescenl signal from Dye-2 at 550 nm. Next, y_no~G~D yes is
produces 5-azidovaleric acid (IClioukhi et al., 1987), which added to image the fluoresccnt signal from Dye-3 at 580 nm,

is subsequently converted to a N1 IS esler for coupling with and finally y^ffo-T-Dve-i is Added to image the fluorescenl

an amino linker modified oligonucleotide primer. Using the signal from Dye-4 at 610 nm.

azido-labeled primer to perform polymerase chain reaction R
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successfully employed in a wide range of studies as a 350 nm. After washing the glass slide with HPLC water

photocleavable-protectiug group (Pillai 1980). The ef6- following photolysis, the fluorescence emission spectrum of
ciency of the pholocleavage step depends on several 1'aclors the same spol on the slide showed significant inlcnsity

including the eiticiency of light absorption by the decrease (FIG. 12, Spectrum c) which indicates that most of

2-nitrobenzyl moiely, the efficiency of the primary photo- 5 the lluorescence dye (FAM) was cleaved from the immobi-

chemical step, and the efSciency of the secondary thermal lized biotin moiety and was removed by the washing pro-
processes which lead to the final cleavage process (Turro cedure. This experiment shows that high efficiency cleavage
1991). Burgess et al. (1997) have reported the successful of the fluorescent dye can be obtained using the

photocleavage of a fluorescent dye attached through a 2-nitrobenzyl photocleavable linker.

2-nitrobenzyl linker on a nucleotido moiety, which shows 10 4. Sequencing by Synthesis Evaluation Using Nucleotidc

that the fluorescent dye is not quenching the photocleavage Analogues y-so'^'Dyev y-Ro'^'Dyci' S'-RO'G-^, 3, 3._^o-

process. A photoliablc protecting group based on the T-^,4
2-nilrobenzyl chromophore has also been developed for Once the steps and conditions in Section 3 are optimized,

biological labeling applications that involve photocleavage the synthesis of nucleotide analogues s.-^o-A-jg y y_j,o~

(Olejnik et al. 1999). The protocol disclosed herein is used 15 C-^y^, y-Ro-G-nyesi S'-.RO-T-Q,,^ can be pursued for further
to optimize the photocleavage process shown in study of the system. Here the 3'—OH is capped in all four

FIG. 10. The absorption spectra of 2-nilro benzyl cam- nucleotide analogues, which Ihen can be mixed togelher

pounds are examined and compared quantitatively to the with DNApolymerase and used to evaluate the sequencing
absorption spectra of the fluorescent dyes. Since there will system using the scheme in FIG. 9. The MOM

be a one-to-one relationship between the number of 20 (—CH-.OCH3) or allyl (—CH.,CH==CH;,) group is used to
2-mtrobcnzyl moieties and the dye molecules, the ratio of cap the 3'—OH group using well-established synthetic pro-

extinction coefdcients of these two species will reflect the cedures (FIG. 13) (Fuji et al. 1975, Metzker et al. 1994).

competition for light absorption at specific wavelengtfas. These groups can be removed chemically with high yield as

From this information, the wavelengths at which the shown in FIG. 14 (Ireland, et al. 1986; Kamal et al. 1999).

2-nitrobenzyl moieties absorbed most competitively can be 25 The chemical cleavage of the MOM and allyl groups is fairly

determined, similar to the approach reported by Olejnik et mild and specific, so as not to degrade the DNA template

al.(1995). moiety. For example, the cleavage of [he allyl group takes 3
A photolysis setup can be used which allows a high minutes with more [ban 93% yield (Kamal et al. 1999),

throughput of monochromatic light from a 1000 watt high while the MOM group is reported to be cleaved with close

pressure xenon lamp (LX1COOUV,ILC) in conjunctioa with 3d to 100% yield (Ireland, et al. 1986).
a monochromator (Kratos, Schoeffel Instruments). This 5. Using Energy Transfer Coupled Dyes to Optimize the

instrument allows the evaluation of the photocleavage of Sequencing by Synthesis System
model systems as a function of the intensity and excitation The spectral property of the fluorescent tags can be

wavelength of the absorbed Ught. Standard analytical analy- optimized by using energy transfer (ET) coupled dyes. The

sis is used to determine the extent of photocleavage. From 35 ET primer and ET dideoxynucleotides have been shown to

this information, the efficiency of the photocleavage as a be a superior sel of reagents for 4-color DNA sequeDcing

function of wavelength can be determined. The wavelenglh that allows the use of one laser to excite multiple sets of
at which photocleavage occurs most eftidently can be fluorescent lags (Ju et al. 1995). It has been shown that DNA

selected as for use in the sequencing system, polymerase (Thermo Sequenase and Taq FS) can efficiently

Photocleavage results have been obtained using a model 40 incorporate the ET dye labeled dideoxyrrucleotides
system as shown in FIG. 11. CoupKng of PC-LC-Biotin- (Rosenblum et al. 1997). These ET dye-labeled sequencing

NHS ester (Pierce, Rockford, m.) with 5-(ammoacetamiclo)- reagents are nowwidely used in large scale DNAsequendng

fluorescein (5-aminoFAM) (Molecular Probes, Eugene, projects, such as the human genome project. A library of ET

Oreg.) in climelhylsulfonyl oxide (DMSO)/NaHC03 (pH= dye labeled nucleotide analogues can be synthesized as
8.2) overnight at room temperature produces PC-LC-Biotin- 45 shown in FIG. 15 for optimization of the DNA sequencing

FAM which is composed of a biotin at one end, a photo- system. The ET dye set (FAM-Cl^FAM, FAM-CLR6G,
cleavable 2-nitrobenzyl group in the middle, and a dye tag FAM-CLTAM, FAM-C1.,ROX) using FAM as a donor and

(FAM) at the other end. This photocleavable moiety closely dichloro(FAM, R6G, TAM, ROX) as acceptors has been
mimics the designed photocleavable nucleotide analogues reported in the litera'ture (Lee et al. 1997) and constitutes a

shown in FIG. 10. Thus the successful photolysis of the 50 set of commercially available DNA sequencing reagents.

PC-LC-Biotin-FAM moiely provides proof of the principle These ET dye sets have been proven to produce enhanced
of high efficiency photolysis as used in the DNA sequencing fluorescence intensity, and the nucleotides labeled with these

system. For photolysis study, PC-LC-Biotin-FAM is first ET dyes at the 5-position of T and C and the 7-posilion of

immobilizecl on a microscope glass slide coated with strepta- G and A are excellent substrates of DNA polymerase.
vidin(XENOPORE, Hawthorne, N.J.). After washing oil the 55 Allernalively, an ET dye sel can be conslruclctl using

non-immobilized PC-LC-Biotin-FAM, the fluorescence cyanme (Cy2)as a donor and CLFAM, C1.,R6G, Cl-.T'ASvl,

emission spectmm of the immobilized PC-LC-Biotin-1-AM or Cl^ROX as energy acceptors. Since Cy2 possesses higher
was taken as shown in FIG. 12 (Spectrum a). The strong molar absorbance compared with the rhodamine and fluo-

fluorescence emission indicates that PC-LC-Biotin-FAM is rescein derivatives, an ET system using Cy2 as a donor

successfully immobilized to the strcptavidin coated slide 60 produces much stronger fluorcsccnce signals than the system
surface. The photocleavability of the 2-nitrobenzyl linker by using FAM as a donor (Hung et al. 1996). FIG. 16 shows a

irradiation at 350 nm was then tested. After 10 minutes of synthetic scheme for an ET dye labeled nucleotide analogue
photolysis (Xirr=350 nm; -0.5 mW/cm2) and before any with Cy2 as a donor and CLFAM as an acceptor using

washing, 
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IV. Coupling of IV with amino-Cy2, and then converting the nm) by the aromalic 2-nilro benzyl moiely causes reduction

resulting compound to a NHS ester produces V, which of the 2-nitro group to a nilroso group and an oxygen
subsequently couples with amino-photolinkernucleolide VI insertion inlo the carbon-hydrogen bond located in the

yields the ET dye labeled nucleotide VII. 2-position followed by cleavage and decarboxylation (Pillai

6. Sequencing by Synthesis Evaluation Using Nucleotide 5 1980).

Analogues s.^o-A-^, y.no-^-Tagi, V-HO-G-T^' V-HO- The synthesis of nucleotide analogues 3,_^o-A-j;,gi, 3.^0-

T-r«g4 c-TagV 3--RO-G-T<,gy 3'-KO-T-ng4 can be pursued for further

ie precursors of four examples of mass tags are shown study of the system a discussed above for the case where the
in FIG. 17. The precursors are: (a) acetophenone; (b) unique labels are dyes. Here the 3'—OH is capped in all four

3-fluoroacetophenone; (c) 3,4-difluoroacetophenone; and 10 nucleotidc analogues, which then can be mixed together

(d) 3,4-dimethoxyacetophenone. Upon nitration and with DNApolymerase and used to evaluate the sequencing
reduction, four photoactive tags are produced from the four system using a scheme similar to that in FIG. 9. The MOM

precursors and used to code for the identity of each of the (—CH^OCI-y or allyl (—CHaCI-I^CH,) group is used to
four nucleotides (A, C, G, T). Clean APCI mass spectra are cap the 3'—OH group using well-established synthetic pro-

obtained for the four mass tag precursors (a, b, c, d) as 15 cedures (FIG. 13) (Fuji et al. 1975, Metzker et al. 1994).
shown in FIG. 18. The peak with m/z of 121 is a, 139 is b, These groups can be removed chemically with high yield as

157 is c, and 181 is d. This resull shows thai these four mass shown in FIG. 14 (Ireland, et al. 1986; Kamal el al. 1999).

tags are extremely stable and produce very high resolution The chemical cleavage of the MOM and aUyl groups is fairly

data in an APCI mass spectrometer with no cross talk mild and specific, so as not to degrade the DNA template

between the mass tags. In the examples shown below, each 20 moiety.
of the unique m/z from each mass tag translates to the 7. Parallel Channel System for Sequencing by Synthesis

identity of the nucleotide [Tag-1 (m/z,150)=A; Tag-2 (m/z, FIG. 23 illustrates an example of a parallel channel
168)=C; Tag-3 (m/z,186)=G; Tag-4 (m/z,210)=T]. system. The system can be used with mass tag labels as

Different combinations of mass tags and nucleotides can shown and also with dye labels. A plurality of channels in a

be used, as indicated by the general scheme: y.no' 25 silica glass chip are connected on each end of the channel to

^'Tagl, y-HO~C~Tag2> 3'- HO~<J~Tag3' 3'-HO~'~^~TagA where Tagl, a well m a well plate. In the example shown there are 96

Tag2, Tag3, and Tag4 are four diEferenl unique cleavable channels each connecled lo ils own wells. The sequencing
mass lags. Four specific examples of nucleotide analogues syslem also permits a number of channels olher than 96 lo

are shown in FIG. 19. In FIG. 19, "R" is H when the 3'—OH be used. 96 channel devices for separating DNA sequencing

group is not capped.As discussed above, the photo cleavable 30 and sizing fragments have been reported (Woolley and

2-nitro benzyl moiety has been used to link biotin to DNA Mathies 1994, Woolley et al. 1997, Simpson et al. 1998).

and protein for efGdent removal by UV light (-350 nm) The chip is made by photolithographic masking and chemi-
irradiation (Olejnik el al. 1995, 1999). Four different 2-nitro cal etchmg techniques. The photolithographically defined

benzyl groups with different molecular weights as mass tags channel patterns are etched in a silica glass substrate, and
are used to form the mass tag labeled nucleotides as shown 35 then capillary channels (id -100 um) are formed by ther-

in FIG. 19: 2-nilro-u-melhyl-benzyl (Tag-1) codes for A; mally bouding the etched subslrale to a second silica glass

2-nilro-a-metbyl-3-fluorobenzyl (Tag-2) codes for C; slide. Channels are porous to increase surface area. The
2-nilro-a-methyl-3,4-dilluorobenzyl (Tag-3) codes for G; immobilizecl single stranded DNA template chip is prepared

2-Ditro-a-methyl-3,4-dimethoxybenzyl (Tag-4) codes for T. according to (he scheme shown in FIG. 3. Each channel is
As a representative example, the synthesis of the NHS 40 first treated wilh 0.5 M NaOH, washed with water, and is

eslerof one mass tag (Tag-3) is shown iu FIG. 20. A similar then coated with high density

scheme is used to create the other mass tags. The synthesis 3-aminopropyltrimethoxysilane in aqueous ethanol

°f 3--HO~G~Tas3 Is shoWD in FIG. 21 using well-established (Woolley et al. 1994) fonning a primary amine surface.
procedures (Prober el al. 1987; Lee et al. 1992 and Hobbset Succinimidyl (NHS) esler of triarylphosphine (1) is
al. 1991). 7-propargylamino-dGTP is first prepared by react- 45 covalently coupled with the primary amine group converting
ing 7-I-dGTP with N-trifluoroacetylpropargyl amine, which the amine surface to a novel triarylphosphine surface, which

is then coupled with the NI-IS-Tag-3 to produce 3._j/c>-G-y 3. specifically reacts with DNA containing an azido group (2)
The nucleolide analogues with a free 3'—OH are good forming a chip with immobiUzed DNA. Since the azido

substrates for the polymerase. group is only located at the 5' end of the DNA and the

The sequencing by synthesis approach can be tested using 50 coupling reaction is through the unique reaction of tri-

mass tags using a scheme similar to that show for dyes in arylphosphine moiety with azido group in aqueous solution
FIG. 9. A DNA template containing a portion of nucleotide (Saxon and Bertozzi 2000), such a DNAsurface provides an

sequence that has no repeated sequences after the priming optimized condition for hybridization. Fluids, such as
site, is synthesized and immobilized to a glass sequencing reagenls and washing solutions, can be easily

channel. y.Ho~A~ra gi aDd DNA polymerase are added lo [he 55 pressure driven between the two 96 well plates lo wash and
self-primed DNA moiety to allow the incorporation of the add reagents to each channel in the chip for carrying out the

nucleoticle into the 3' site of the DNA. Then the steps in FIG. polymerase reaction as well as coUecling the photocleaved

2B are followed (the chemical cleavage is not required here labels. The silica chip is transparent to ultraviolet light

because the 3'—OH is free) to detect the mass tag from (X-350 nm). In the Figure, pholocleaved mass lags are

Tag-1 (m/z=150) Next, y_no~^~Tasils aclded and the result- 60 detected by an APCI mass spectromcler upon irradiation
ing mass spectra is measured after cleaving Tag-2 (m/z= with a UV light source.

168). Next, 3._//o-g-7o^3 and y-ffo-T-rag.i are added in turn 8. Parallel Mass Tag Sequencing by Synthesis System
and the mass spectra of the cleavage products Tag-3 (m/z= The approach disclosed herein comprises detec
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stringent sample requirement for using mass spectrometry to tlie ion source and the analyzer. The second turbo pump is

directly detect long DNA fragments. It takes 10 seconds or used to generale a continuous vacuum in all three analyzers

less lo analyze each mass lag using the APCI mass spec- and detectors simultaneously. Since the corona discharge

tromeler.WithSminiaturizedAPCImassspeclrometersin a mode and scanning mode of mass spectrometers are the

system, close to 100,000 bp of high quality digital DNA 5 same for each minialurized mass speclrometer, one power

sequencing data could be generated each day by each supply for each analyzer and the ionizalion source can
instrument using this approach. Since there is no separation provide the necessary power for all three instmments. One

and purification^requirements using this approach, such a p^^ ^^y ^ ^^ ^ ^^ independent detectors is

system is cost effective. ^ ^ ^ ^^ ^ ^g^ ^ s^ctmm collectioD. The data obtained are trans-

.,^m^eI^yrtroTt^comp^Mvcwth.a.96^ap: 10 taed to three independentA^ converters and processed by
analyzing UINA, a parallel mass ,, , . . . ..' ,. __, . ., ..r^ ., ~

to identity the mass tag m
approach is needed. Such a complete system ;;" ^\^r^^~~^^^^^~^~J.^^i~~~^~e'^

te
mainly aue to me tact Mat most oi me . •; . . ^ -' , .. . . i .

mass spectrometers are'designed toaclueve'adequatereso- contai_mng.three.raass_spe,ctrometers' the eDtire device is

lution'forkrgebiomolecid^The'systemdisctesed herein 15 able to fit on a laboratory bench top.

requires the detection of four mass tags, with molecular 9. Validate the Complete Sequencing by Synthesis System

weight range between 150 and 250 daltons, coding for the by Sequencing P53 Genes

identity of the four nucleotides (A, C, G, T). Since a mass The tumor suppressor gene p53 can be used as a model
spectrometer dedicated to detection of these mass tags only system to validate the DNA sequencing system. The p53

requires high resolution for the mass range of 150 to 250 20 gene is one of the most frequently mutated genes in human
daltons instead of covering a wide mass range, the mass cancer (O'Connor et al. 1997). First, a base pair DNA

spectrometer can be mimaturized and have a simple design, template (shown below) is synthesized containing an azido

Either quadmpole (including ion trap detector) or time-of- group at the 5' end and a portion of the sequences from exon

flight mass spectrometers can be selected for the ion optics. 7 and exon 8 of the p53 gene:

S'-Na-TTCCTGCATGGGCGGCfiTGaACCCG&GGCCCATCCTCACCATCATC&C (SEQ ID NO: 2)

ACTGGa&GACTCCAGTGGTAATC'rACTGGGACGG;^CAGC'TTTGAGGTGCATT-3 ' .

30

While modem mass spectromcter technology has made it This template is chosen to explore the use of the sequencing
possible to produce miniaturized mass spectrometers, most system for the detection of clustered hot soot single base
current research has focused on the design of a single mutations. The potentially mutatecl bases are underlined (A,
stand-alone miniaturized mass spectrometer. Individual 0, C and T) in the synthetic template. The synthetic template
components of the mass spectrometer has been miniaturized 35 is immobilized on a sequeneiug chip or glass channels, then
for enhancing the mass spectrometer analysis capability (Liu the loop primer is Ugated to the imroobilized template as
et al. 2000, Zhang et al. 1999). A mimaturized mass spec- des'cribed in FIG. 6, and then the steps in FIG. 2 are followed
trometry system using multiple analyzers (up to 10) in for sequencing evaluation. DNA templates generated by
parallel has been reported (Badman and Cooks 2000). PCR can be used to further validate the DNA sequencing
However, the mass spectrometer of Baclman and Cook was 40 system. The sequencing templates can be generated by PCR
designed to measure only single samples rather than mul- using flanking primers (one of the pair is labeled with ..an
tiple samples in parallel. They also noted that the miniahr- azido group at the 5' end) in the intron region located at each

ization of the ion trap limited the capability of the mass p53 exoD boundary from a pool of genomic DNA
spectrometer to scan wide mass ranges'. Since the approach (Boe,hrinSer'. Indianapolis, Ind.) as described by Fu et al.
disclosed herein focuses on detecting four small stable mass 45 (I998) aDd then immobilized on Ihe DNA chip for sequenc-

tags (the mass range is less than 300 daltons), multiple mg.evaluation'

miniaturized APCI mass spectrometers are easily con- "T.;^""^ n r „; ov T;_-»» T T. /mn^ A ^u„-„„.r.._-_;.
Antao V P. Lai S Y. Tinoco I Jr.

into a single unit for parallel analysis '"~^ ' -'—^~- '',',"'^',.'^; ~"';^",.^-;","'."":"~'~;'^"'",""

study of unusually stable RNA and DNAhairpins. Nucleic
of the mass tags for DNA sequencing analysis. Acids Res" 19T'5'901^5 905^

A comply parallel mass^pectrometry system includes 50 - "^^ y D; Vartikyan RM, Aivazashvili V A, Bea-

multiple APCI sources interfaced with multiple analyzers, bealashvifi R S. (1978)Specific-terminatioD of RNA p-oly-

coupled with appropriate electronics and power supply merasesynthcsisasamelhodofRNAandDNAsequencing.
configuration. A mass spectrometry system with parallel Nuclei c Acids Res. 5(10): 3549-3563.
detection capability will overcome the throughput bottle- Badman E R and Cooks R G. (2000) Cylmdrical Ion Trap

neck issue for applicalion in DNA analysis. A parallel 55 Array with Mass Selection by Variation in Trap Dimensions
system containing multiple mass spectrometers in a single Anal. Cliem. 72(20):5079-5086.
device is illustrated in FIGS. 23 and 24. The examples in the Badman E R and Cooks R G. (2000) A Parallel Miniature

figures show a system with three mass spectromelers in Cylmdrical Ion Trap Array. Ann/. C/;e;«. 72(14):3291-3297.
parallel. Higher throughput is obtained using a greater Bowling J M, Bmner K L, Cmarik J L, Tibbetts C. (1991)

number of in parallel mass spectromelers. 60 Neighboring nucleotidc interactions during DNA scquenc-
As illustrated in FIG. 24, the three miniature mass spec- ing gel electrophoresis. NucJeic Acids Res. 19:3089-3097.

trometers are contained in one device with two turbo-pumps. Burgess K, Jacutin S E, Lim D, ShitangkoonA. (1997) An
Samples are injected into the ion source where they are approach to photolabile, fluorescent protecting groups. J.

mixed with a nebulizer gas and ionized. One turbo pump is Org. Chem. 62(15): 5165-5168.

used as a differential pumping system to continuously sweep 65 Canarcl B, Cardona B, Sarfati R S. (1995) Catalytic
away free radicals, neutral compounds and other undesirable editing properties of DNA polymerases. Proc. Nail. Acad.

elements coming from Ihe ion source al Ihe orifice between Sci. USA 92: 10859-10863.
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What is claimed is:
1. A method for sequencing a nucleic add by detecting the

identity of a nucleoticle analogue after the nucleotide ana-
logue is incorporated into a growing strand of DNA in a
polymerase reaction, which comprises the following steps:

(i) attaching a 5' end of the nucleic acid to a solid surface;

(ii) attaching a primer to the nucleic acid attached to the
solid surface;

(iii) adding a polymerase and one or more different
nucleotide analogues to the nucleic acid to thereby
incoqiorate a nueleotide analogue into the growing
strand of DNA, wherein the incorporated nucleotide
analogue terminates the polymerase reaction and
wherein each different nucleotide analogue comprises
(a) a base selected from the group consisting of

ademne, guanine, cytosine, thymine, and uracil, and
their analogues; (b) a unique label attached through a
cleavable linker to the base or to an analogue of the
base; (c) a deoxyribose; and (d) a cleavable chemical
group to cap an —OH group at a 3'-position of the
deoxyribose;

(iv) washing the solid surface to remove unincorporated
nucleolide analogues;

(v) detecting the unique label attached to the nucleotidc
analogue that has been incorporated into the growing
slrancl of DNA, so as to thereby identify the incorpo-
rated nucleotide analogue;

(vi) adding one or more chemical compounds to perma-

nently cap any unreacted —OH group on the primer
attached to the nucleic acid or on a primer extension

strand formed by adding one or more nucleotides or

nucleolide analogues to the primer;

(vii) cleaving the cleavable linker between the nucleotide

analogue that was incorporated into the growing strand
of DNA and the unique label;

(viii) cleaving the cleavable chemical group capping the
—OH group at the 3'-position of the deoxyribose to

SEQUENCE LISTING

<160> NUMBER OF SEQ ID NOS: 2

<210> SEQ ID NO 1
<211> LENGTH: 11
<212> TYPE: DNS
<213> ORGANISM: Artificial Sequence
<220> FEATURE:
<223> OTHER INFORMATION: Description of Artificial Sequence: template

<400> SEQUENCE: 1

acgtacgacg t

<210> SEQ ID NO 2
<211> LENGTH: 101
<212> TYPE: DNA
<213> ORGANISM: Artificial Sequence
<220> FEATURE:
<223> OTHER INFORMATION: Description of Artificial Sequence: template

<400> SEQUENCE: 2

ttcc-hgcatg g9cggcatga acccgaggcc ca-tcctcacc a-fcca'fccacac -tggaagac-tc 60

cagtg9taa'fc ctactgggac ggaacagctt -bgaggtgcat t 101
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uncap the —OH group, and washing the solid surface 15. The method of claim 1, wherein the primer is attached

to remove cleaved compounds; and to a 3' end of the aucleic acid in step (ii) and wherein the

(ix) repealing steps (iii) through (viii) so as lo detecl the attached primer comprises a stable loop and an —OH group

identity of a newly incorpOTated micleolide analogue ^ ^ 3'-posilion of a deoxyribose capable of self-primmg in
into the growing strand of DNA; .s „„ .^,^._^.^^ „.„,;.

ise reaction.
wherein if the unique label is a dye, the order of steps (v) ^ ^^ „„,!.„., „,- ..i..;_ i ...i^...;_ ,!.„ „,..„ „!• „,,„„!.;.

claim 1, wherein Ihe sleu of atlacl
[vn) is: (v), (vi), and (vii); ana . . ... . . .. . .'..,..

the primer to the nucleic acid

to the nucleic acid or Iigating the pnmer to
(v) through (vii) is: (vi), (vii), and (v). ^ ^"u,— ^u .

2. The method of claim 1, wberein Ihe solid surface is 10 nucleic acid-
flass. silicon, or sold. ^"' '• ^e mettlod of claim 1, wherein one or more of four

3. The method of claim 1, wherein the step of attaching different nucleolide analogues is added in slep (iii), wherein

the nucleic acid lo Ihe solid surface comprises: each different nucleotide analogue comprises a different

(i) coating the solid surface with a phosphine moiely, 15 base selected from the group consisting of thymme or uracil

(ii) attaching an azido group to the 5' end of the nucleic or an analogue of thymine or uracil, adenine or an analogue

acid, and of adenine, cytosine or an analogue of cylosine, and guanine

(iii) immobilizing the 5' end of the micleic acid to the solid or an analogue of guanine, and wherein each of the four

surface through interaction between the phosphine different nucleotide analogues comprises a unique label.

moiety on the solid surface and the azido group on the 20 ^ -j-he method of claim 5, wherein the fluorescent moiety

5'end of the nudeicjicid. ..... is selected from the group consisting of

4. The method of claim^l, wherein the cleavable chemical 5_carboxyfluorescein, 6-carboxyrhodamme-6G, N,N,N',N'-
that caps the —OH grouu at the 3'-positioti of the - -----—^—^-^-—--^., - --^^-,-^

tetramethyl-6-carboxyrhodamine, and 6-carboxy-X-
>ose in we nucieonae analogue is —LU^UL;^ or . '

-CH,CH=CH,. ° - - 25 rhodamine.

5. The method of claim 1, wherein the unique label that I9- The method of claim 1, wherein the unique label that

is attached to the nucleotide analogue is a fluorescentmoiety is allached to [he nucleolide analogue is a Huorescence

or a fluorescent semiconductor crystal. energy transfer tag which comprises an energy transfer

6. The method of claim 1, wherein Ihe unique label that 30 donor and an energy transfer acceptor.

is attached to the nucleotide analogue is a mass tag that can 20. The method of claim 1, wherein the unique label that

be detected and differentiated by a mass spectrometer. is attached to the nucleotide analogue is a fluorescence

7. The method of claim 1, wherein the unique label is energy transfer tag which comprises an energy transfer

attached through a cleavablc linker lo a 5-position of donor and an energy transfer acceptor.

cytosine or thymine or to a 7-position of deaza-adenine or 35 21. The method of claim 20, wherein the energy transfer

deaza-guanine. donor is 5-carboxyfluorescein or cyanine, and wherein [he

8. The method of claim 1, wherein the cleavable linker is energy transfer acceplor is selected from the group consist-

a photocleavable linker which comprises a 2-nitrobenzyl mg of dichlorocarboxyfluorescein, dichloro-6-

molely- carboxyrhodamine-6G, dichloro-N,N,N',N'-tetramethyl-6-

9. The method of claim 1, wherein the chemical corn- 40 carboxyrhodamine, and dichloro-6-carboxy-X-rhodamme.

pounds added in step (vi) to permanently cap any unreacted 22. The melhod of claim 6, wherein (he mass tag is

—OH group on the primer attached to the Ducleic acid or on selected from the group consisting of a 2-nitro-

the primer exteosion strand are a polymerase and oue or a-methyl-benzyl group, a 2-nitro-a-methyl-3-fluorobenzyl

more different clideoxynucleotides or analogues of dicleoxy- 45 group, a 2-mtro-a-methyl-3,4—difluorobenzyl group, and a

nucleotides. 2-nilro-a-melhyl-3,4-dimelhoxybenzyl group.

10. The method of claim 1, wherein the solid surface is a 23. The method of claim 1, wherein the cleavable linker

magnetic bead, a chip, a channel in a chip, or a porous between the unique label and the nucleolide analogue is

channel in a chip. cleaved by a means selected from the group consisting of

U. The method of claim 3, wherein the step of coating Ihe 50 one or more of a physical means, a chemical means,

solid surface with the phosphine moiely comprises: physical chemical means, heal, and light.

(i) coaling the surface with a primary amine, and 24. The method of claim 1, wherein the cleavable chemi-

(ii) covalently coupling a N-hydroxysuccimmidyl ester of cal group used to cap the —OH group at the 3'-position of

triarylphosphine with the primary amine. 55 the deoxyribose is cleaved by a means selected from the

12. ITie method of claim 1, wherein the nucleic acid that group consisting of one or more of a physical means, a

is attached to the solid surface is a single-stranded DNA. chemical means, a physical chemical means, heat, and light.

13. The method of claim 1, wherein the nucleic acid thai 25. The method of claim 9 wherein the different dideoxy-

is attached to the solid surface in step (i) is a double-stranded nucleotides are selected from the group consisting of 2',3'-

DNA, wherein only one strand is directly attached to the "" didcoxyadenosine 5'-triphosphatc, 2',3'-dideoxyguanosine

solid surface, and wherein the strand that is nol clireclly 5'-lripht>sphale, 2',3'-dideoxycyl]dine 5'-triphospbale, 2',3'-

attached to the solid surface is removed by denaturing before dideoxylhymidine 5'-triphosphate, 2',3'-dideoxyuridine

proceeding to step (ii). 5'-lriphosphase, and Iheir analogues.

14. The method of claim 1, wherein the nucleic acid thai g; 26. The method of claim 1, wherein a polymerase and one

is attached to the solid surface is a RNA, and the polymcrase or more of four different dideoxynucleolides are added in

in step (iii) is reverse Iranscriplase. slep (vi), and wherein each diffcrenl clitleoxynucleolide is
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selected from the group consisting of 2',

S'-dideoxyadenosine 5'-triphosphale or an analogue of 2',3'-

dideoxyadenosine 5'-lriphosphate; 2', 3'-di'deoxyguanosine

5'-lriphosphale or an analogue of 2',3'-dideoxyguanosine

5'-triphosphate; 2', 3'-dideoxycytidine 5'-triphosphate or an

analogue of 2',3'-dideoxycytidine 5'-triphosphate; and 2',3'-

clicleoxylhymicline 5'-triphosphate or 2',3'-dideoxyuricline

5'-triphosphase or an analogue of 2',3'-dicleoxythymidine

5'-triphosphatc or an analogue of 2',3'-dideoxyuridine

5'-triphosphase.

38
27. The method of claim 6, wherein the mass tag is

detected using a parallel mass spectrometry system which

comprises a plurality of atmospheric pressure chemical

ionization mass spectrometers for parallel analysis of a

plurality of samples comprising mass tags.

28. A method of simultaneously sequencing a plurality of

different nucleic acids, which comprises simultaneously

applying the method of claim 1 to the plurality of different
nucleic acids.
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