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METHOD FOR SEQUENCING NUCLEIC 
ACID MOLECULES 

[0001] This application claims bene?t of US. Provisional 
Patent Application Ser. No. 60/134,827, ?led May 19, 1999. 
[0002] This invention Was made With funds provided by the 
US. Government under National Science Foundation Grant 
No. B1R8800278, National Institutes of Health Grant No. 
P412RR04224-11, and Department of Energy Grant No. 
066898-0003891. The US. Government may have certain 
rights in this invention. 

FIELD OF THE INVENTION 

[0003] The present invention relates to a method for deter 
mining the sequence of nucleic acid molecules. 

BACKGROUND OF THE INVENTION 

[0004] The goal to elucidate the entire human genome has 
created an interest in technologies for rapid DNA sequencing, 
both for small and large scale applications. Important param 
eters are sequencing speed, length of sequence that can be 
read during a single sequencing run, and amount of nucleic 
acid template required. These research challenges suggest 
aiming to sequence the genetic information of single cells 
Without prior ampli?cation, and Without the prior need to 
clone the genetic material into sequencing vectors. Large 
scale genome projects are currently too expensive to realisti 
cally be carried out for a large number of organisms or 
patients. Furthermore, as knowledge of the genetic basis for 
human diseases increases, there Will be an ever-increasing 
need for accurate, high-throughput DNA sequencing that is 
affordable for clinical applications. Practical methods for 
determining the base pair sequences of single molecules of 
nucleic acids, preferably With high speed and long read 
lengths, Would provide the necessary measurement capabil 
ity. TWo traditional techniques for sequencing DNA are the 
dideoxy termination method of Sanger (Sanger et al., Proc. 
Natl. Acad. Sci. USA. 74: 563-5467 (1977)) and the Maxam 
Gilbert chemical degradation method (Maxam and Gilbert, 
Proc. Natl. Acad. Sci. USA. 74: 560-564 (1 977)). Both meth 
ods deliver four samples With each sample containing a fam 
ily of DNA strands in Which all strands terminate in the same 
nucleotide. Ultrathin slab gel electrophoresis, or more 
recently capillary array electrophoresis is used to resolve the 
different length strands and to determine the nucleotide 
sequence, either by differentially tagging the strands of each 
sample before electrophoresis to indicate the terminal nucle 
otide, or by running the samples in different lanes of the gel or 
in different capillaries. Both the Sanger and the Maxam 
Gilbert methods are labor- and time-intensive, and require 
extensive pretreatment of the DNA source. Attempts have 
been made to use mass spectroscopy to replace the time 
intensive electrophoresis step. For revieW of existing 
sequencing technologies, see Cheng “High-Speed DNA-Se 
quence Analysis,” Prog. Biochem. Biophys. 22: 223-227 
(1995). 
[0005] Related methods using dyes or ?uorescent labels 
associated With the terminal nucleotide have been developed, 
Where sequence determination is also made by gel electro 
phoresis and automated ?uorescent detectors. For example, 
the Sanger-extension method has recently been modi?ed for 
use in an automated micro-sequencing system Which requires 
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only sub-microliter volumes of reagents and dye-labelled 
dideoxyribonucleotide triphosphates. In US. Pat. No. 5,846, 
727 to Soper et al., ?uorescence detection is performed on 
chip With one single-mode optical ?ber carrying the excita 
tion light to the capillary channel, and a second single-mode 
optical ?ber collecting the ?uorescent photons. Sequence 
reads are estimated in the range of 400-500 bases Which is not 
a signi?cant improvement over the amount of sequence infor 
mation obtained With traditional Sanger or Maxam-Gilbert 
methods. Furthermore, the Soper method requires PCR 
ampli?cation of template DNA, and puri?cation and gel elec 
trophoresis of the oligonucleotide sequencing ‘ladders,’ prior 
to initiation of the separation reaction. These systems all 
require signi?cant quantities of target DNA. Even the method 
described in US. Pat. No. 5,302,509 to Cheeseman, Which 
does not use gel electrophoresis for sequence determination, 
requires at least a million DNA molecules. 

[0006] In a recent improvement of a sequencing-by-synthe 
sis methodology originally devised ten years ago, DNA 
sequences are being deduced by measuring pyrophosphate 
release upon testing DNA/polymerase complexes With each 
deoxyribonucleotide triphosphate (dNTP) separately and 
sequentially. See Ronaghi et al., “A Sequencing Method 
Based on Real-Time Pyrophosphate,” Science 281: 363-365 
(1998) and Hyman, “A NeW Method of Sequencing DNA,” 
Anal. Biochem. 174: 423-436 (1988). While using native 
nucleotides, the method requires synchronization of poly 
merases on the DNA strands Which greatly restricts sequence 
read lengths. Only about 40 nucleotide reads Were achieved, 
and it is not expected that the detection method can approach 
single molecule sensitivity due to limited quantum e?iciency 
of light production by luciferase in the procedure presented 
by Ronaghi et al., “A Sequencing Method Based on Real 
Time Pyrophosphate,” Science 281: 363-365 (1998). Further 
more, the overall sequencing speed is limited by the neces 
sary Washing steps, subsequent chemical steps in order to 
identify pyrophosphate presence, and by the inherent time 
required to test each base pair to be sequenced With all the 
four bases sequentially. Also, di?iculties in accurately deter 
mining homonucleotide stretches in the sequences Were rec 
ogniZed. 
[0007] Previous attempts for single molecule sequencing 
(generally unsuccessful but seminal) have utiliZed exonu 
cleases to sequentially release individual ?uorescently 
labelled bases as a second step after DNA polymerase has 
formed a complete complementary strand. See GoodWin et 
al., “Application of Single Molecule Detection to DNA 
Sequencing,” Nucleon. Nucleot. 16: 543-550 (1997). It con 
sists of synthesiZing a DNA strand labelled With four different 
?uorescent dNTP analogs, subsequent degradation of the 
labelled strand by the action of an exonuclease, and detection 
of the individual released bases in a hydrodynamic ?oW 
detector. HoWever, both polymerase and exonuclease have to 
shoW activity on a highly modi?ed DNA strand, and the 
generation of a DNA strand substituted With four different 
?uorescent dNTP analogs has not yet been achieved. See 
Dapprieh et al., “DNA Attachment to Optically Trapped 
Beads in Microstructures Monitored by Bead Displacement,” 
Bioimaging 6: 25-32 (1998). Furthermore, little precise infor 
mation is knoWn about the relation betWeen the degree of 
labeling of DNA and inhibition of exonuclease activity. See 
Done et al., “Techniques for Single Molecule Sequencing,” 
Bioimaging 5: 139-152 (1997). 
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[0008] In a second approach utilizing exonucleases, native 
DNA is digested While it is being pulled through a thin liquid 
?lm in order to spatially separate the cleaved nucleotides. See 
Dapprich et al., “DNA Attachment to Optically Trapped 
Beads in Microstructures Monitored by Bead, Displace 
ment,” Bioimaging 6: 25-32 (1998). They then diffuse a short 
distance before becoming immobilized on a surface for detec 
tion. However, most exonucleases exhibit sequence- and 
structure-dependent cleavage rates, resulting in di?iculties in 
data analysis and matching sets from partial sequences. In 
addition, Ways to identify the bases on the detection surface 
still have to be developed or improved. 
[0009] Regardless of the detection system, methods Which 
utilize exonucleases have not been developed into methods 
that meet today’s demand for rapid, high-throughput 
sequencing. In addition, most exonucleases have relatively 
sloW turnover rates, and the proposed methods require exten 
sive pretreatment, labeling and subsequent immobilization of 
the template DNA on the bead in the ?oWing stream of ?uid, 
all of Which make a realization into a simple high-throughput 
system more complicated. 
[0010] Other, more direct approaches to DNA sequencing 
have been attempted, such as determining the spatial 
sequence of ?xed and stretched DNA molecules by scanned 
atomic probe microscopy. Problems encountered With using 
these methods consist in the narroW spacing of the bases in the 
DNA molecule (only 0.34 nm) and their small physicochemi 
cal differences to be recognized by these methods. See 
Hansma et al., “Reproducible Imaging and Dissection of 
Plasmid DNA Under Liquid With the Atomic Force Micro 
scope,” Science 256: 1180-1184 (1992). 
[0011] In a recent approach for microsequencing using 
polymerase, but not exonuclease, a set of identical single 
stranded DNA (ssDNA) molecules are linked to a substrate 
and the sequence is determined by repeating a series of reac 
tions using ?uorescently labelled dNTPs. U.S. Pat. No. 5,302, 
509 to Cheeseman. HoWever, this method requires that each 
base is added With a ?uorescent label and 3'-dNTP blocking 
groups. After the base is added and detected, the ?uorescent 
label and the blocking group are removed, and, then, the next 
base is added to the polymer. 
[0012] Thus, the current sequencing methods either require 
both polymerase and exonuclease activity to deduce the 
sequence or rely on polymerase alone With additional steps of 
adding and removing 3'-blocked dNTPs. The human genome 
project has intensi?ed the demand for rapid, small- and large 
scale DNA sequencing that Will alloW high throughput With 
minimal starting material. There also remains a need to pro 
vide a method for sequencing nucleic acid molecules that 
requires only polymerase activity, Without the use of blocking 
substituents, resulting in greater simplicity, easier miniatur 
izability, and compatibility to parallel processing of a single 
step technique. 
[0013] The present invention is directed to meeting the 
needs and overcoming. de?ciencies in the art. 

SUMMARY OF THE INVENTION 

[0014] The present invention relates to a method of 
sequencing a target nucleic acid molecule having a plurality 
of nucleotide bases. This method involves providing a com 
plex of a nucleic acid polymerizing enzyme and the target 
nucleic acid molecule oriented With respect to each other in a 
position suitable to add a nucleotide analog at an active site 
complementary to the target nucleic acid. A plurality of types 
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of nucleotide analogs are provided proximate to the active 
site, Wherein each type of nucleotide analog is complemen 
tary to a different nucleotide in the target nucleic acid 
sequence. A nucleotide analog is polymerized at an active 
site, Wherein the nucleotide analog being added is comple 
mentary to the nucleotide of the target nucleic acid, leaving 
the added nucleotide analog ready for subsequent addition of 
nucleotide analogs. The nucleotide analog added at the active 
site as a result of the polymerizing step is identi?ed. The steps 
of providing a plurality of nucleotide analogs, polymerizing, 
and identifying are repeated so that the sequence of the target 
nucleic acid is determined. Another aspect of the present 
invention relates to an apparatus suitable for sequencing a 
target nucleic acid molecule. This apparatus includes a sup 
port as Well as a nucleic acid polymerizing enzyme or oligo 
nucleotide primer suitable to bind to a target nucleic acid 
molecule, Where the polymerase or oligonucleotide primer is 
positioned on the support. A microstructure de?nes a con 
?ned region containing the support and the nucleic acid poly 
merizing enzyme or the oligonucleotide primer Which is con 
?gured to permit labeled nucleotide analogs that are not 
positioned on the support to move rapidly through the con 
?ned region. 
[0015] A further feature of the present invention involves 
an apparatus suitable for sequencing a target nucleic acid 
molecule. This apparatus includes a solid support and a 
nucleic acid polymerizing enzyme or oligonucleotide primer 
suitable to hybridize to a target nucleic acid molecule, Where 
the nucleic acid polymerizing enzyme or oligonucleotide 
primer is positioned on the support. A housing de?nes a 
con?ned region containing the support and the nucleic acid 
polymerizing enzyme or the oligonucleotide primer. The 
housing is constructed to facilitate identi?cation of labeled 
nucleotide analogs positioned on the support. Optical 
Waveguides proximate to the con?ned region focus activating 
radiation on the con?ned region and collect radiation from the 
con?ned region. 
[0016] Numerous advantages are achieved With the present 
invention. Sequencing can be carried out With small amounts 
of nucleic acid, With the capability of sequencing single 
nucleic acid template molecules Which eliminates the need 
for ampli?cation prior to initiation of sequencing. Long read 
lengths of sequence can be deduced in one run, eliminating 
the need for extensive computational methods to assemble a 
gap-free full length sequence of long template molecules 
(e.g., bacterial arti?cial chromosome (BAC) clones). For tWo 
operational modes of the present inventions, the read length 
of the sequence is limited by the length of template to be 
sequenced, or the processivity of the polymerase, respec 
tively. By using the appropriate enzymatic systems, eg With 
accessory proteins to initiate the sequencing reaction at spe 
ci?c sites (e.g., origins of replication) on the double-stranded 
template nucleic acid, preparative steps necessary for conven 
tional sequencing techniques, such as subcloning into 
sequencing vectors, can be eliminated. 
[0017] In addition, the sequencing method of the present 
invention can be carried out using polymerase and no exonu 
clease. This results in greater simplicity, easier miniaturiz 
ability, and compatibility to parallel processing of a single 
step technique. 
[0018] In regard to the latter advantage, some polymerases 
exhibit higher processivity and catalytic speeds than exonu 
cleases, With over 10,000 bases being added before dissocia 
tion of the enzyme for the case of T7 DNA polymerase (com 



US 2011/0111401A1 

pared to 3,000 bases for 7» exonuclease). In some cases, e.g., 
T7 DNA polymerase complexed With T7 helicase/primase, 
processivity values are even higher, ranging into several 100, 
000s. The rates of DNA synthesis can be very high, measured 
in vivo of 1,000 bases/sec and in vitro of 750 bases/sec (in 
contrast to 12 bases/ sec degraded by 7» exonuclease in vitro). 
See Kelman et al., “Processivity of DNA Polymerases: TWo 
Mechanisms, One Goal,” Structure 6: 121-125 (1998); Carter 
et al., “The Role of Exonuclease and Beta Protein of Phage 
Lambda in Genetic Recombination. II. Substrate Speci?city 
and the Mode of Action of Lambda Exonuclease,” J. Biol. 
Chem. 246: 2502-2512 (1971); Tabor et al., “Escherichia coli 
Thioredoxin Confers Processivity on the DNA Polymerase 
Activity of the Gene 5 Protein of Bacteriophage T7,” J. Biol. 
Chem. 262: 16212-16223 (1987); and Kovall et al., “Toroidal 
Structure of Lambda-Exonuclease” Science 277: 1824-1827 
(1997), Which are hereby incorporated by reference. An 
incorporation rate of 750 bases/sec is approximately 150 
times faster than the sequencing speed of one of the fully 
automated ABI PRISM 3700 DNA sequencers by Perkin 
Elmer Corp., Foster City, Calif., proposed to be utilized in a 
shot-gun sequencing strategy for the human genome. See 
Venter et al., “Shotgun Sequencing of the Human Genome,” 
Science 280: 1540-1542 (1998), Which is hereby incorpo 
rated by reference. 
[0019] The small size of the apparatus that can be used to 
carry out the sequencing method of the present invention is 
also highly advantageous. The con?ned region of the tem 
plate/polymerase complex can be provided by the micro 
structure apparatus With the possibility of arrays enabling a 
highly parallel operational mode, With thousands of sequenc 
ing reactions carried out sequentially or simultaneously. This 
provides a fast and ultrasensitive tool for research application 
as Well as in medical diagnostics. 

BRIEF DESCRIPTION OF DRAWINGS 

[0020] FIGS. 1A-C shoW 3 alternative embodiments for 
sequencing in accordance With the present invention. 
[0021] FIGS. 2A-C are schematic draWings shoWing the 
succession of steps used to sequence nucleic acids in accor 
dance With the present invention. 

[0022] FIGS. 3A-C shoW plots of ?uorescence signals vs. 
time during the succession of steps used to sequence the 
nucleic acid in accordance With the present invention. FIG. 
3C shoWs the sequence generated by these steps. 
[0023] FIGS. 4A-D depict the structure and schematic 
draWings shoWing the succession of steps used to sequence 
the nucleic acid in accordance With the present invention in 
the case Where ?uorescent nucleotides carrying the label at 
the gamma phosphate position (here shoWn as a gamma 
linked dNTP) are used. 
[0024] FIG. 5 shoWs the principle of discrimination of ?uo 
rophores by time-gated ?uorescence decay time measure 
ments, Which can be used to suppress background signal in 
accordance With the present invention. 

[0025] FIG. 6A shoWs a system for sequencing in accor 
dance With the present invention. FIG. 6B is an enlargement 
of a portion of that system. 

[0026] FIG. 7A shoWs a system for sequencing in accor 
dance With the present invention using electromagnetic ?eld 
enhancement With metal tips. FIG. 7B is an enlargement of a 
portion of that system. 
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[0027] FIG. 8A shoWs a system for sequencing in accor 
dance With the present invention using near ?eld apertures. 
FIG. 8B is an enlargement of a portion of that system. 
[0028] FIG. 9A shoWs a system for sequencing in accor 
dance With the present invention using nanochannels. FIG. 
9B is an enlargement of a portion of that system. 
[0029] FIGS. 10A-B shoW systems for supplying reagents 
to a nanofabricated con?nement system in accordance With 
the present invention. In particular, FIG. 10A is a schematic 
draWing Which shoWs hoW reagents are provided and passed 
through the system. FIG. 10B is similar but shoWs this system 
on a single chip With pads to connect the system to ?uid 
reservoirs. 

DETAILED DESCRIPTION OF THE INVENTION 

[0030] The present invention relates to a method of 
sequencing a target nucleic acid molecule having a plurality 
of nucleotide bases. This method involves providing a com 
plex of a nucleic acid polymerizing enzyme and the target 
nucleic acid molecule oriented With respect to each other in a 
position suitable to add a nucleotide analog at an active site 
complementary to the target nucleic acid. A plurality of types 
of nucleotide analogs are provided proximate to the active 
site, Wherein each type of nucleotide analog is complemen 
tary to a different nucleotide in the target nucleic acid 
sequence. A nucleotide analog is polymerized at an active 
site, Wherein the nucleotide analog being added is comple 
mentary to the nucleotide of the target nucleic acid, leaving 
the added nucleotide analog ready for subsequent addition of 
nucleotide analogs. The nucleotide analog added at the active 
site as a result of the polymerizing step is identi?ed. The steps 
of providing a plurality of nucleotide analogs, polymerizing, 
and identifying are repeated so that the sequence of the target 
nucleic acid is determined. 
[0031] Another aspect of the present invention relates to an 
apparatus suitable for sequencing a target nucleic acid mol 
ecule. This apparatus includes a support as Well as a nucleic 
acid polymerizing enzyme or oligonucleotide primer suitable 
to bind to a target nucleic acid molecule, Where the poly 
merase or oligonucleotide primer is positioned on the sup 
port. A microstructure de?nes a con?ned region containing 
the support and the nucleic acid polymerizing enzyme or the 
oligonucleotide primer Which is con?gured to permit labeled 
nucleotide analogs that are not positioned on the support to 
move rapidly through the con?ned region. 
[0032] A further feature of the present invention involves 
an apparatus suitable for sequencing a target nucleic acid 
molecule. This apparatus includes a support and a nucleic 
acid polymerizing enzyme or oligonucleotide primer suitable 
to hybridize to a target nucleic acid molecule, Where the 
nucleic acid polymerizing enzyme or oligonucleotide primer 
is positioned on the support. A housing de?nes a con?ned 
region containing the support and the nucleic acid polymer 
izing enzyme or the oligonucleotide primer. The housing is 
constructed to facilitate identi?cation of labeled nucleotide 
analogs positioned on the support. Optical Waveguides proxi 
mate to the con?ned region focus activating radiation on the 
con?ned region and collect radiation from the con?ned 
region. 
[0033] The present invention is directed to a method of 
sequencing a target nucleic acid molecule having a plurality 
of bases. In its fundamental principle, the temporal order of 
base additions during the polymerization reaction is mea 
sured on a single molecule of nucleic acid, i.e. the activity of 
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a nucleic acid polymerizing enzyme, hereafter also referred to 
as polymerase, on the template nucleic acid molecule to be 
sequenced is folloWed in real time. The sequence is deduced 
by identifying Which base is being incorporated into the 
groWing complementary strand of the target nucleic acid by 
the catalytic activity of the nucleic acid polymerizing enzyme 
at each step in the sequence of base additions. In the preferred 
embodiment of the invention, recognition of the time 
sequence of base additions is achieved by detecting ?uores 
cence from appropriately labelled nucleotide analogs as they 
are incorporated into the groWing nucleic acid strand. Accu 
racy of base pairing is provided by the speci?city of the 
enzyme, With error rates of false base pairing of 10'5 or less. 
For enzyme ?delity, see Johnson, “Conformational Coupling 
in DNA-Polymerase Fidelity,” Ann. Rev. Biochem. 62:685 
713 (1993) and Kunkel, “DNA-Replication Fidelity,” .1. Biol. 
Chem, 267:18251-18254 (1992), Which are hereby incorpo 
rated by reference. 
[0034] The invention applies equally to sequencing all 
types of nucleic acids (DNA, RNA, DNA/ RNA hybrids etc.) 
using a number of polymerizing enzymes (DNA poly 
merases, RNA polymerases, reverse transcriptases, mixtures, 
etc.). Therefore, appropriate nucleotide analogs serving as 
substrate molecules for the nucleic acid polymerizing 
enzyme can consist of members of the groups of dNTPs, 
NTPs, modi?ed dNTPs or NTPs, peptide nucleotides, modi 
?ed peptide nucleotides, or modi?ed phosphate-sugar back 
bone nucleotides. 

[0035] There are tWo convenient operational modes in 
accordance With the present invention. In the ?rst operational 
mode of the invention, the template nucleic acid is attached to 
a support. This can be either by immobilization of (1) an 
oligonucleotide primer or (2) a single-stranded or (3) double 
stranded target nucleic acid molecule. Then, either (1) the 
target nucleic acid molecule is hybridized to the attached 
oligonucleotide primer, (2) an oligonucleotide primer is 
hybridized to the immobilized target nucleic acid molecule, 
to form a primed target nucleic acid molecule complex, or (3) 
a recognition site for the polymerase is created on the double 
stranded template (e.g., through interaction With accessory 
proteins, such as a primase). A nucleic acid polymerizing 
enzyme on the primed target nucleic acid molecule complex 
is provided in a position suitable to move along the target 
nucleic acid molecule and extend the oligonucleotide primer 
at an active site. A plurality of labelled types of nucleotide 
analogs, Which do not have a blocking substituent, are pro 
vided proximate to the active site, With each distinguishable 
type of nucleotide analog being complementary to a different 
nucleotide in the target nucleic acid sequence. The oligo 
nucleotide primer is extended by using the nucleic acid poly 
merizing enzyme to add a nucleotide analog to the oligo 
nucleotide primer at the active site, Where the nucleotide 
analog being added is complementary to the nucleotide of the 
target nucleic acid at the active site. The nucleotide analog 
added to the oligonucleotide primer as a result of the extend 
ing step is identi?ed. If necessary, the labeled nucleotide 
analog, Which is added to the oligonucleotide primer, is 
treated before many further nucleotide analogs are incorpo 
rated into the oligonucleotide primer to insure that the nucle 
otide analog added to the oligonucleotide primer does not 
prevent detection of nucleotide analogs in subsequent poly 
merization and identifying steps. The steps of providing 
labelled nucleotide analogs, extending the oligonucleotide 
primer, identifying the added nucleotide analog, and treating 
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the nucleotide analog are repeated so that the oligonucleotide 
primer is further extended and the sequence of the target 
nucleic acid is determined. 

[0036] Alternatively, the above-described procedure can be 
carried out by ?rst attaching the nucleic acid polymerizing 
enzyme to a support in a position suitable for the target 
nucleic acid molecule complex to move relative to the nucleic 
acid polymerizing enzyme so that the primed nucleic acid 
molecular complex is extended at an active site. In this 
embodiment, a plurality of labelled nucleotide analogs 
complementary to the nucleotide of the target nucleic acid at 
the active site are added as the primed target nucleic acid 
complex moves along the nucleic acid polymerizing enzyme. 
The steps of providing nucleotide analogs, extending the 
primer, identifying the added nucleotide analog, and treating 
the nucleotide analog during or after incorporation are 
repeated, as described above, so that the oligonucleotide 
primer is further extended and the sequence of the target 
nucleic acid is determined. 

[0037] FIGS. 1A-C shoW 3 alternative embodiments for 
sequencing in accordance With the present invention. In FIG. 
1A, a sequencing primer is attached to a support, eg by a 
biotin-streptavidin bond, With the primer hybridized to the 
target nucleic acid molecule and the nucleic acid polymeriz 
ing enzyme attached to the hybridized nucleic acid molecule 
at the active site Where nucleotide analogs are being added to 
the sequencing primer. In FIG. 1B, the target nucleic acid 
molecule is attached to a support, With a sequencing primer 
hybridized to the template nucleic acid molecule and the 
nucleic acid polymerizing enzyme attached to the hybridized 
nucleic molecule at the active site Where nucleotide analogs 
are being added to the sequencing primer. The primer can be 
added before or during the providing of nucleotide analogs. In 
addition to these scenarios, a double stranded target nucleic 
acid molecule can be attached to a support, With the target 
nucleic acidmolecule harboring a recognition site for binding 
of the nucleic acid polymerizing enzyme at an active site 
Where nucleotide analogs are being added to the primer. For 
example, such a recognition site can be established With the 
help of an accessory protein, such as an RNA polymerase or 
a helicase/primase, Which Will synthesize a short primer at 
speci?c sites on the target nucleic acid and thus provide a 
starting site for the nucleic acid polymerizing enzyme. See 
Richardson “Bacteriophage T7: Minimal Requirements for 
the Replication of a Duplex DNA Molecule,” Cell 33: 315 
317 (1983), Which is hereby incorporated by reference. In 
FIG. 1C, the nucleic acid polymerizing enzyme is attached to 
a support, With the primed target nucleic acid molecule bind 
ing at the active site Where nucleotide analogs are being added 
to the sequencing primer. As in the previous description, the 
nucleic acidpolymerizing enzyme can likeWise be attached to 
a support, but With the target nucleic acid molecule being 
double-stranded nucleic acid, harboring a recognition site for 
binding of the nucleic acid polymerizing enzyme at an active 
site Where nucleotide analogs are being added to the groWing 
nucleic acid strand. Although FIGS. 1A-C shoW only one 
sequencing reaction being carried out on the support, it is 
possible to conduct an array of several such reactions at 
different sites on a single support. In this alternative embodi 
ment, each sequencing primer, target nucleic acid, or nucleic 
acid polymerizing enzyme to be immobilized on this solid 
support is spotted on that surface by microcontact printing or 
stamping, e.g., as is used for microarray technology of DNA 
chips, or by forming an array of binding sites by treating the 
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surface of the solid support. It is also conceivable to combine 
the embodiments outlined in FIG. 1 and immobilize both the 
target nucleic acid molecule and the nucleic acid polymeriz 
ing enzyme proximate to each other. 
[0038] The sequencing process of the present invention can 
be used to determine the sequence of any nucleic acid mol 
ecule, including double-stranded or single-stranded DNA, 
single stranded DNA hairpins, DNA/RNA hybrids, RNA 
With a recognition site for binding of the polymerase, or RNA 
hairpins. 
[0039] The sequencing primer used in carrying out the pro 
cess of the present invention can be a ribonucleotide, deox 
yribonucleotide, modi?ed ribonucleotide, modi?ed deoxyri 
bonucleotide, peptide nucleic acid, modi?ed peptide nucleic 
acid, modi?ed phosphate-sugar backbone oligonucleotide, 
and other nucleotide and oligonucleotide analogs. It can be 
either synthetic or produced naturally by primases, RNA 
polymerases, or other oligonucleotide synthesizing enzymes. 
[0040] The nucleic acid polymerizing enzyme utilized in 
accordance With the present invention can be either a thermo 
stable polymerase or a thermally degradable polymerase. 
Examples for suitable thermostable polymerases include 
polymerases isolated from T hermus aqualicus, T hermus ther 
mophilus, Pyrococcus woesei, Pyrococcusfuriosus, T herma 
coccus liloralis, and Thermologa marilima. Useful therrno 
degradable polymersases include E. coli DNA polymerase, 
the KlenoW fragment of E. coli DNA polymerase, T4 DNA 
polymerase, T7 DNA polymerase, and others. Examples for 
otherpolymerizing enzymes that can be used to determine the 
sequence of nucleic acid molecules include E. coli, T7, T3, 
SP6 RNA polymerases and AMV, M-MLV and HIV reverse 
transcriptases. The polymerase can be bound to the primed 
target nucleic acid sequence at a primed single-stranded 
nucleic acid, an origin of replication, a nick or gap in a 
double-stranded nucleic acid, a secondary structure in a 
single-stranded nucleic acid, a binding site created by an 
accessory protein, or a primed single-stranded nucleic acid. 
[0041] Materials Which are useful in forming the support 
include glass, glass With surface modi?cations, silicon, met 
als, semiconductors, high refractive index dielectrics, crys 
tals, gels, and polymers. 
[0042] In the embodiments of FIG. 1, any suitable binding 
partner knoWn to those skilled in the art could be used to 
immobilize either the sequencing primer, the target nucleic 
acidmolecule, or the nucleic acidpolymerizing enzyme to the 
support. Non-speci?c binding by adsorption is also possible. 
As shoWn in FIGS. 1A-C, a biotin-streptavidin linkage is 
suitable for binding the sequencing primer or the target 
nucleic acid molecule to the solid support. The biotin com 
ponent of such a linkage can be attached to either the primer 
or nucleic acid or to the solid support With the streptavidin (or 
any other biotin-binding protein) being attached to the oppo 
site entity. 
[0043] One approach for carrying out this binding tech 
nique involves attaching PHOTOACTIVATABLE BIOTINTM 
(“PAB”) (Pierce Chemical Co., Rockford, Ill.) to a surface of 
the chamber used to carry out the sequencing procedure of the 
present invention. This can be achieved by exposure to light at 
3 60 nm, preferably through a transparent Wall of the chamber, 
as described in Hengsakul et al., “Protein Patterning With a 
Photoactivable Derivative of Biotin,” Bioconjugale Chem. 7: 
249-54 (1996), Which is hereby incorporated by reference. 
When using a nanochamber, the biotin is activated in a dif 
fraction-limited spot under an optical microscope. With near 
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?eld excitation, exposure can be self-aligned using a 
Waveguide to direct light to the desired area. When exposed to 
light the PAB is activated and binds covalently to the interior 
surface of the channel. Excess unbound PAB is then removed 
by ?ushing With Water. 
[0044] Alternatively, streptavidin can be coated on the sup 
port surface. The appropriate nucleic acid primer oligonucle 
otide or the single stranded nucleic acid template is then 
biotinylated, creating an immobilized nucleic acid primer 
target molecule complex by virtue of the streptavidin-biotin 
bound primer. 
[0045] Another approach for carrying out the process of the 
present invention is to utilize complementary nucleic acids to 
link the sequencing primer or the target nucleic acid molecule 
to the solid support. This can be carried out by modifying a 
single stranded nucleic acid With a knoWn leader sequence 
and ligating the knoWn leader sequence to the sequencing 
primer or the target nucleic acid molecule. The resulting 
oligonucleotide may then he bound by hybridization to an 
oligonucleotide attached to the support and having a nucle 
otide sequence complementary to that of the knoWn leader 
sequence. Alternatively, a second oligonucleotide can be 
hybridized to an end of the target nucleic acid molecule 
opposite to that bound to the oligonucleotide primer. That 
second oligonucleotide is available for hybridization to a 
complementary nucleic sequence attached to the support. 
[0046] Reversible or irreversible binding betWeen the sup 
port and either the oligonucleotide primer or the target nucleic 
acid sequence can be achieved With the components of any 
covalent or non-covalent binding pair. Other such approaches 
for immobilizing the sequencing primer or the target nucleic 
acid molecule to the support include an antibody-antigen 
binding pair and photoactivated coupling molecules. 
[0047] In the embodiment of FIG. 1C, any technique 
knoWn to be useful in reversibly or irreversibly immobilizing 
proteinaceous materials can be employed. It has been 
reported in the literature that RNA polymerase Was success 
fully immobilized on activated surfaces Without loss of cata 
lytic activity. SeeYin et al., “TranscriptionAgainst anApplied 
Force,” Science 270: 1653-1657 (1995), Which is hereby 
incorporated by reference. Alternatively, the protein can be 
bound to an antibody, Which does not interfere With its cata 
lytic activity, as has been reported for HIV reverse tran 
scriptase. See Lennerstrand et al., “A Method for Combined 
Immunoaf?nity Puri?cation and Assay of HIV-1 Reverse 
TranscriptaseActivity Useful for Crude Samples,” Anal. Bio 
chem. 235: 141-152 (1996), Which is hereby incorporated by 
reference. Therefore, nucleic acid polymerizing enzymes can 
be immobilized Without loss of function. The antibodies and 
other proteins can be patterned on inorganic surfaces. See 
James et al., “Pattemed Protein Layers on Solid Substrates by 
Thin Stamp Microcontact Printing,” Langmuir 14:741-744 
(1998) and St John et al., “Diffraction-Based Cell Detection 
Using a Microcontact Printed Antibody Grating,” Anal. 
Chem. 70:1108-1111 (1998), Which are hereby incorporated 
by reference. Alternatively, the protein could be biotinylated 
(or labelled similarly With other binding molecules), and then 
bound to a streptavidin-coated support surface. 
[0048] In any of the embodiments of FIGS. 1A to C, the 
binding partner and either the polymerase or nucleic acids 
they immobilize canbe applied to the support by conventional 
chemical and photolithographic techniques Which are Well 
knoWn in the art. Generally, these procedures can involve 
standard chemical surface modi?cations of the support, incu 
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bation of the support at different temperatures in different 
media, and possible subsequent steps of Washing and incuba 
tion of the support surface With the respective molecules. 
[0049] Alternative possibilities of positioning of the poly 
merizing complex are conceivable, such as by entrapment of 
the complex in a gel harboring pores too small to alloW 
passage of the complex, but large enough to accommodate 
delivery of nucleotide analogs. Suitable media include agar 
ose gels, polyacrylamide gels, synthetic porous materials, or 
nanostructures. 

[0050] The sequencing procedure of the present invention 
can be initiated by addition of nucleic acid polymerizing 
enzyme to the reaction mixture in the embodiment of FIGS. 
lA-B. For the embodiment of FIG. 1C, the primed nucleic 
acid can be added for initiation. Other scenarios for initiation 
can be employed, such as establishing a preformed nucleic 
acid-polymerase complex in the absence of divalent metal 
ions Which are integral parts of the active sites of polymerases 
(most commonly Mg“). The sequencing reaction can then be 
started by adding these metal ions. The preinitiation complex 
of template could also be formed With the enzyme in the 
absence of nucleotides, With ?uorescent nucleotide analogs 
being added to start the reaction. See Huber et al., “Escheri 
chia c0li Thioredoxin Stabilizes Complexes of Bacterioph 
age T7 DNA Polymerase and Primed Templates,” J. Biol. 
Chem. 262:16224-16232 (1987), Which is hereby incorpo 
rated by reference. Alternatively, the process can be started by 
uncaging of a group on the oligonucleotide primer Which 
protects it from binding to the nucleic acid polymerizing 
enzyme. Laser beam illumination Would then start the reac 
tion coincidentally With the starting point of observation. 
[0051] FIGS. 2A-C are schematic draWings shoWing the 
succession of steps used to sequence nucleic acids in accor 
dance With the present invention. 
[0052] In FIG. 2A, labelled nucleotide analogs are present 
in the proximity of the primed complex of a nucleic acid 
polymerizing enzyme attached to the hybridized sequencing 
primer and target nucleic acid molecule Which are attached on 
the solid support. During this phase of the sequencing pro 
cess, the labelled nucleotide analogs diffuse or are forced to 
?oW through the extension medium toWards and around the 
primed complex. 
[0053] In accordance With FIG. 2B, once a nucleotide ana 
log has reached the active site of the primed complex, it is 
bound to it and the nucleic acid polymerizing enzyme estab 
lishes Whether this nucleotide analog is complementary to the 
?rst open base of the target nucleic acid molecule or Whether 
it represents a mismatch. The mismatched base Will be 
rejected With the high probability that corresponds to the 
above-mentioned high ?delity of the enzyme, Whereas the 
complementary nucleotide analog is polymerized to the 
sequencing primer to extend the sequencing primer. 
[0054] During or after each labelled nucleotide analog is 
added to the sequencing primer, the nucleotide analog added 
to the sequencing primer is identi?ed. This is most ef?ciently 
achieved by giving each nucleotide analog a different distin 
guishable label. By detecting Which of the different labels are 
added to the sequencing primer, the corresponding nucleotide 
analog added to the sequencing primer can be identi?ed and, 
by virtue of its complementary nature, the base of the target 
nucleic acid Which the nucleotide analog complements can be 
determined. Once this is achieved, it is no longer necessary 
for the nucleotide analog that Was added to the sequencing 
primer to retain its label. In fact, the continued presence of 
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labels on nucleotide analogs complementing bases in the 
target nucleic acid that have already been sequenced Would 
very likely interfere With the detection of nucleotide analogs 
subsequently added to the primer. Accordingly, labels added 
to the sequencing primer are removed after they have been 
detected, as shoWn in FIG. 2C. This preferably takes place 
before additional nucleotide analogs are incorporated into the 
oligonucleotide primer. 
[0055] By repeating the sequence of steps described in 
FIGS. 2A-C, the sequencing primer is extended and, as a 
result, the entire sequence of the target nucleic acid can be 
determined. Although the immobilization embodiment 
depicted in FIGS. 2A-C is that shoWn in FIG. 1A, the alter 
native immobilization embodiments shoWn in FIGS. lB-C 
could similarly be utilized in carrying out the succession of 
steps shoWn in FIGS. 2A-C. 

[0056] In carrying out the diffusion, incorporation, and 
removal steps of FIGS. 2A-C, an extension medium contain 
ing the appropriate components to permit the nucleotide ana 
logs to be added to the sequencing primer is used. Suitable 
extension media include, e.g., a solution containing 50 mM 
Tris-HCl, pH 8.0, 25 mM MgCl2, 65 mM NaCl, 3 mM DTT, 
(this is the extension medium composition recommended by 
the manufacturer for Sequenase, a T7 mutant DNA poly 
merase and nucleotide analogs at an appropriate concentra 
tion to permit the identi?cation of the sequence. Other media 
that are appropriate for this and other polymerases are pos 
sible, With or Without accessory proteins, such as single 
stranded binding proteins. Preferably, the extension phase is 
carried out at 370 C. for most thermally degradable poly 
merases, although other temperatures at Which the poly 
merase is active can be employed. 

[0057] Once a labelled nucleotide analog is added to the 
sequencing primer, as noted above, the particular label of the 
added moiety must be identi?ed in order to determine Which 
type of nucleotide analog Was added to the sequencing primer 
and, as a result, What the complementary base of target 
nucleic acid is. HoW the label of the added entity is deter 
mined depends upon the type of label being utilized. For the 
preferred embodiment of the invention, discussion of the 
identi?cation steps Will be restricted to the employment of 
nucleotide analogs carrying ?uorescent moieties. HoWever, 
other suitable labels include chromophores, enzymes, anti 
gens, heavy metals, magnetic probes, dyes, phosphorescent 
groups, radioactive materials, chemiluminescent moieties, 
scattering or ?uorescent nanoparticles, Raman signal gener 
ating moieties, and electrochemical detecting moieties. Such 
labels are knoWn in the art and are disclosed for example in 
Prober, et. al., Science 238: 336-41 (1997); Connell et. al., 
BioTechniques 5(4): 342-84 (1987); Ansorge, et. al., Nucleic 
Acids Res. 15(11): 4593-602 (1987); and Smith et. al., Nature 
321 :674 (1986), Which are hereby incorporated by reference. 
In some cases, such as for chromophores, ?uorophores, phos 
phorescent labels, nanoparticles, or Raman signaling groups, 
it is necessary to subject the reaction site to activating radia 
tion in order to detect the label. This procedure Will be dis 
cussed in detail beloW for the case of ?uorescent labels. 
Suitable techniques for detecting the ?uorescent label include 
time-resolved far-?eld microspectroscopy, near-?eld 
microspectroscopy, measurement of ?uorescence resonance 
energy transfer, photoconversion, and measurement of ?uo 
rescence lifetimes. Fluorophore identi?cation can be 
achieved by spectral Wavelength discrimination, measure 
ment and separation of ?uorescence lifetimes, ?uorophore 



US 2011/0111401A1 

identi?cation, and/or background suppression. Fluorophore 
identi?cation and/or background suppression can be facili 
tated by fast switching betWeen excitation modes and illumi 
nation sources, and combinations thereof. 

[0058] FIGS. 3A-B shoW plots of ?uorescence signals vs. 
time during the succession of steps (outlined in FIG. 2) that is 
used to carry out the sequencing procedure of the present 
invention. In essence, in this procedure, an incorporated 
nucleotide analog Will be distinguished from unincorporated 
ones (randomly diffusing through the volume of observation 
or being convected through it by hydrodynamic or electro 
phoretic ?oW) by analyZing the time trace of ?uorescence for 
each distinguishable label simultaneously. This is achieved 
by photon burst recordings and time-resolved ?uorescence 
correlation spectroscopy Which distinguishes the continuing 
steady ?uorescence of the incorporated label (until removed 
by the mechanisms discussed beloW) from the intermittent 
emission of the free ?uorophores. See Magde et al., “Ther 
modynamic Fluctuations in a Reacting SystemiMeasure 
ment by Fluorescence Correlation Spectroscopy,” Phys. Rev. 
Len, 29:705-708 (1972), Kask P. et al., “Fluorescence-Inten 
sity Distribution Analysis and its Application in Biomolecu 
lar Detection Technology,” Proc. Nat. Acad. Sci. USA. 96: 
13756-13761 (1999), and Eggeling et al., “Monitoring Con 
formational Dynamics of a Single Molecule by Selective 
Fluorescence Spectroscopy,”Pr0c. Nat, Acad. Sci. USA. 95: 
1556-1561 (1998), Which are hereby incorporated by refer 
ence. The sequence can be deduced by combining time traces 
of all detection channels. 

[0059] FIG. 3A shoWs a plot of?uorescence signal vs. time 
during just the diffusion phase of FIG. 2A, assuming four 
different channels of ?uorescence detection for the four dif 
ferent bases (e.g., by employing four different labels, each 
With a different ?uorescence emission spectrum, by Which 
they can be separated through optical ?lters). Each peak in 
FIG. 3A represents the burst of ?uorescence resulting from 
the presence of a nucleotide analog in the volume of obser 
vation, With each different nucleotide analog being distin 
guished by its different label Which generates peaks of differ 
ent colors (depicted in FIG. 3A by different line patterns). The 
narroW Width of these peaks indicates that the nucleotide 
analogs have a brief residence time proximate to the active 
site of sequencing, because they are freely diffusing or ?oW 
ing through the volume of observation. A peak of similar 
Width is expected for the case of a mismatched nucleotide 
analog transiently binding to the active site of the nucleic acid 
polymeriZing enzyme, and subsequent rejection of incorpo 
ration by the enZyme. 
[0060] FIG. 3B shoWs a plot of?uorescence signal vs. time 
during the incorporation and subsequent removal phases of 
FIGS. 2B-C. As in FIG. 3A, each peak ofFIG. 3B represents 
the presence of a nucleotide analog With each different nucle 
otide analog being distinguished by its different label Which 
generates peaks of different colors (depicted in FIG. 3B by 
different line patterns). The narroW Width of some peaks in 
FIG. 3B again relates to the nucleotide analogs Which remain 
mobile Within the extension medium and do not extend the 
sequencing primer. Such narroW peaks result because these 
nucleotide analogs have a brief residence time proximate to 
the active site of sequencing, as explained for FIG. 3A. On the 
other hand, the Wider peaks correspond to nucleotide analogs 
Which have, at the active site, complementary bases on the 
template nucleic acid molecule and serve to extend the 
sequencing primer. As a result of their immobilization, these 
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nucleotide analogs have Wider peaks, because they Will 
remain in the observation volume during and after incorpo 
ration in the groWing nucleic acid strand, and thus continue to 
emit ?uorescence. Their signal is only terminated later in time 
as a result of the subsequent removal step Which eliminates 
continued ?uorescence, and alloWing the identi?cation of 
subsequent incorporation events. 
[0061] Moving from left to right in FIG. 3B (i.e. later in 
time), the sequence of Wider peaks corresponds to the 
complement of the sequence of the template nucleic acid 
molecule. FIG. 3C shoWs the ?nal output of FIG. 3B Which 
can be achieved, for example, by a computer program that 
detects the short bursts of ?uorescence and discards them in 
the ?nal output. As a result of such ?ltering, only the peaks 
generated by immobiliZed nucleotide analogs are present, 
and converted into the sequence corresponding to the comple 
ment of sequence of the template nucleic acid molecule. This 
complementary sequence is here ATACTA, therefore, the 
order of the bases of the template nucleic acid molecule being 
sequenced is TATGAT. 
[0062] Fluorescent labels can be attached to nucleotides at 
a variety of locations. Attachment can be made either With or 
Without a bridging linker to the nucleotide. Conventionally 
used nucleotide analogs for labeling of nucleic acid With 
?uorophores carry the ?uorescent moiety attached to the base 
of the nucleotide substrate molecule. HoWever, it can also be 
attached to a sugar moiety (e.g., deoxyribose) or the alpha 
phosphate. Attachment to the alpha phosphate might prove 
advantageous, because this kind of linkage leaves the internal 
structure of the nucleic acid intact, Whereas ?uorophores 
attached to the base have been observed to distort the double 
helix of the synthesiZed molecule and subsequently inhibit 
further polymerase activity. See Zhu et al., “Directly Labelled 
DNA Probes Using Fluorescent Nucleotides With Different 
Length Linkers,” Nucleic Acids Res. 22: 3418-3422 (1994), 
and Doublie et al., “Crystal Structure of a Bacteriophage T7 
DNA Replication Complex at 2.2 Angstrom Resolution,” 
Nature 391 :251-258 (1998), Which are hereby incorporated 
by reference. Thus, thiol-group-containing nucleotides, 
Which have been used (in the form of NTPs) for cross-linking 
studies on RNA polymerase, could serve as primary back 
bone molecules for the attachment of suitable linkers and 
?uorescent labels. See Hanna et al., “Synthesis and Charac 
teriZation of a NeW Photo-Cross-Linking CTP Analog and Its 
Use in Photoa?inity-Labeling Escherichia-coli and T7-RNA 
Polymerases,” Nucleic Acids Res. 21 :2073-2079 (1993), 
Which is hereby incorporated by reference. 
[0063] In the conventional case Where the ?uorophore is 
attached to the base of the nucleotide, it is typically equipped 
With ?uorophores of a relatively large siZe, such as ?uores 
cein. HoWever, smaller ?uorophores, e.g., pyrene or dyes 
from the coumarin family, could prove advantageous in terms 
of being tolerated to a larger extent by polymerases. In fact, it 
is possible to synthesiZe a DNA fragment of 7,300 base pair 
length in Which one base type is fully replaced by the corre 
sponding coumarin-labelled dNTP using T7 DNA poly 
merase, Whereas the enZyme is not able to carry out the 
corresponding synthesis using ?uorescein-labelled dNTPs. 
[0064] In all of these cases, the ?uorophore remains 
attached to the part of the substrate molecule that is incorpo 
rated into the groWing nucleic acid molecule during synthe 
sis. Suitable means for removal of the ?uorophore after it has 
been detected and identi?ed in accordance With the sequenc 
ing scheme of the present invention include photobleaching 
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of the ?uorophore or photochemical cleavage of the nucle 
otide and the ?uorophore, e. g., cleavage of a chemical bond in 
the linker. Removal of the ?uorescent label of already incor 
porated nucleotides, the rate of Which can be adjusted by the 
laser poWer, prevents accumulation of signal on the nucleic 
acid strand, thereby maximizing the signal to background 
ratio for nucleotide identi?cation. For this scheme, the obj ec 
tive of the present invention is to detect all of the photons from 
each label and then photobleach or photochemically cleave 
before or soon after the next feW nucleotide is incorporated in 
order to maintain adequate signal to noise values for subse 
quent identi?cation steps. The removal phase of the process 
of the present invention can be carried out by any procedure 
suitable for removing a label Without damaging the sequenc 
ing reaction complex. 
[0065] In addition to ?uorescent labels that remain in the 
nucleic acid during synthesis, nucleotides that are labelled 
?uorescently or otherWise and carry the label attached to 
either the beta or gamma phosphate of the nucleotide can also 
be used in the sequencing procedure of the present invention. 
Analogous compounds have previously been synthesized in 
the form of NTP analogs and have been shoWn to be excellent 
substrates for a variety of enzymes, including RNA poly 
merases. See Yarbrough et al., “Synthesis and Properties of 
Fluorescent Nucleotide Substrates for DNA-dependent RNA 
Polymerase,” Journal ofBiological Chemistry 254:12069 
12073 (1979), and Chatterji et al., “Fluorescence Spectros 
copy Analysis of Active and Regulatory Sites of RNA Poly 
merase,” Methods in Enzymology 2742 456-479 (1996), 
Which are hereby incorporated by reference. During the syn 
thesis of DNA, the bond cleavage in the nucleotide occurs 
betWeen the alpha and the beta phosphate, causing the beta 
and gamma phosphates to be released from the active site 
after polymerization, and the formed pyrophosphate subse 
quently diffuses or is convected aWay from the nucleic acid. 
In accordance With the present invention, it is possible to 
distinguish the event of binding of a nucleotide and its incor 
poration into nucleic acid from events just involving the bind 
ing (and subsequent rejection) of a mismatched nucleotide, 
because the rate constants of these tWo events are drastically 
different. The rate-limiting step in the successive elementary 
steps of DNA polymerization is a conformational change of 
the polymerase that can only occur after the enzyme has 
established that the correct (matched) nucleotide is bound to 
the active site. Therefore, an event of a mismatched binding of 
a nucleotide analog Will be much shorter in time than the 
event of incorporation of the correct base. See Patel et al., 
“Pre-Steady-State Kinetic Analysis of Processive DNA Rep 
lication Including Complete Characterization of an Exonu 
clease-De?cient Mutant,” Biochemistry 30: 511-525 (1991) 
and Wong et al., “An Induced-Fit Kinetic Mechanism for 
DNA Replication Fidelity: Direct Measurement by Single 
Tumover Kinetics,”Biochemistry 30: 511-525 (1991), Which 
are hereby incorporated by reference. As a result, the ?uores 
cence of the label that is attached to the beta or gamma 
phosphate of the nucleotide analog remains proximate to the 
polymerase for a longer time in case the nucleotide analog is 
polymerized, and can be distinguished in accordance to the 
scheme described above for FIG. 3. After incorporation, the 
label Will diffuse aWay With the cleaved pyrophosphate. This 
procedure is shoWn in FIG. 4. FIG. 4A shoWs the structure of 
1 -aminonaphthalene-5 -sulfonate (AmNS)-dUTP, a represen 
tative example of a nucleotide analog carrying a ?uorescent 
label attached to the gamma phosphate, With the cleavage 
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position indicated by the dashed line. FIG. 4B-D shoW the 
successive steps of incorporation and release of the pyrophos 
phate-?uorophore complex, in analogy to FIG. 2. The time 
trace of ?uorescence for this scheme Will be the same as 
shoWn in FIG. 3. Thus, this is an alternative scheme to the one 
outlined above in Which the ?uorophore is ?rst incorporated 
into the nucleic acid and the signal is subsequently eliminated 
by photobleaching or photochemical cleavage after identi? 
cation of the label. 

[0066] The identi?cation of the particular ?uorescently 
labelled nucleotide analog that is incorporated against the 
background of unincorporated nucleotides diffusing or ?oW 
ing proximally to the nucleic acid polymerizing enzyme can 
be further enhanced by employing the observation that for 
certain ?uorescently labelled dNTPs (e.g., coumarin-5 
dGTP, orAmNS-UTP), the presence of the base in the form of 
a covalent linkage signi?cantly reduces (i.e. quenches) the 
?uorescence of the label. See Dhar et al., “Synthesis and 
Characterization of Stacked and Quenched Uridine Nucle 
otide Fluorophores,” Journal of Biological Chemistry 274: 
14568-14572 (1999), and Draganescu et al., “Fhit-Nucle 
otide Speci?city Probed With Novel Fluorescent and Fluoro 
genic Substrates,” Journal of Biological Chemistry 275: 
4555-4560 (2000), Which are hereby incorporated by refer 
ence. The interaction betWeen the ?uorophore and the base 
quenches the ?uorescence, so that the molecule is not very 
?uorescent in solution by itself HoWever, When such a ?uo 
rescent nucleotide is incorporated into the nucleic acid, the 
?uorophore gets disconnected from the nucleotide and the 
?uorescence is no longer quenched. For the case of a linkage 
to the beta or gamma phosphate of the nucleotide, this occurs 
naturally through the enzymatic activity of the polymerase, in 
the case of ?uorophores linked to the base, this Would have to 
be accomplished by photochemical cleavage. The signal of 
?uorescence from the cleaved ?uorophore is much brighter 
and can be detected over the possible background of the 
plurality of quenched molecules in the vicinity of the poly 
merase/nucleic acid complex. 
[0067] Furthermore, since the ?uorescence lifetime of the 
quenched molecules diffusing in the solution is much shorter 
than the lifetime of the cleaved molecule, a further enhance 
ment of signal to background can be achieved by employing 
pulsed illumination and time-gated photon detection. This is 
illustrated in FIG. 5, shoWing the time-resolved ?uorescence 
decay curves for coumarin alone and coumarin-dGTP, 
respectively. Because the coumarin ?uorescence is quenched 
upon covalent linkage to dGTP, the lifetime is much shorter 
than for the free dye alone, meaning that on average, ?uores 
cent photons are emitted much sooner after an excitation 
pulse, e.g., delivered by a pulsed laser. By eliminating this 
time interval immediately after the pulse from detection, 
Which canbe achieved, for example, With a variable delay line 
component (indicated by the crosshatched bar With adjustable 
delay time of Width T), the response WindoW of the detector 
can be gated such that only ?uorescence emitted from the 
sloW decay component, in this case the free dye (or, in terms 
of the sequencing scheme, the cleaved ?uorophore) is 
detected, and thus background from unincorporated mol 
ecules is reduced even further. Saavedra et al., “Time-Re 
solved Fluorimetric Detection of Terbium-Labelled Deoxyri 
bonucleic Acid Separated by Gel Electrophoresis,” Analyst 
114:835-838 (1989), Which is hereby incorporated by refer 
ence. 
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[0068] Nucleotides can also be converted into ?uorophores 
by photochemical reactions involving radical formation. This 
technique has been utilized With serotonin and other biologi 
cally relevant molecules. See Shear et al., “Multiphoton 
Excited Visible Emission by Serotonin Solutions,” Photo 
chem, Pholobiol. 65:931-936 (1997), Which is hereby 
incorporated by reference. The ideal photophysical situation 
Would be to have each nucleotide generate its oWn ?uores 
cence signal. Unfortunately, nucleic acid and the individual 
nucleotides are poor ?uorophores emitting Weakly With 
minuscule quantum e?iciencies and only on illumination 
With deep ultraviolet light. HoWever, the native ultraviolet 
?uorophore serotonin (5HT) can be photoionized by simul 
taneous absorption of 4 infrared photons, to form a radical 
that reacts With other ground state molecules to form a com 
plex that emits bright green ?uorescence on absorption of 2 
more photons. Subsequent discoveries shoWed that many 
small organic molecules can undergo this multiphoton con 
version. 

[0069] Known quenching of ?uorophores by nucleic acid 
components and by neighboring ?uorophores as Well as reso 
nance energy transfer may provide markers tolerated by the 
polymerase. Furey et al., “Use of Fluorescence Resonance 
Energy Transfer to Investigate the Conformation of DNA 
Substrates Bound to the KlenoW Fragment,” Biochemistry 
37:2979-2990 (1998) and Glazer et al., “Energy-Transfer 
Fluorescent Reagents for DNA Analyses,” Curr. Op. Bio 
Zechn. 8:94-102 (1997), Which are hereby incorporated by 
reference. 

[0070] In the most e?icient setup of the present invention, 
each base should be distinguished by its oWn label so that the 
sequence can be deduced from the combined output of four 
different channels as illustrated in FIG. 3C. This can, for 
example, be accomplished by using different ?uorophores as 
labels and four different detection channels, separated by 
optical ?lters. It is also possible to distinguish the labels by 
parameters other than the emission Wavelength band, such as 
?uorescence lifetime, or any combination of several param 
eters for the different bases. Due to the possible interactions 
of a ?uorophore With a base, it is feasible to employ the same 
?uorophore to distinguish more than one base. As an 
example, coumarin-dGTP has a much shorter ?uorescence 
lifetime than coumarin-dCTP so that the tWo bases could be 
distinguished by their difference in ?uorescence lifetime in 
the identi?cation step of the sequencing scheme, although 
they carry the same chemical substance as the ?uorescent 
label. 

[0071] The sequencing procedure can also be accom 
plished using less than 4 labels employed. With 3 labels, the 
sequence can be deduced from sequencing a nucleic acid 
strand (1) if the 4”’ base can be detected as a constant dark 
time delay betWeen the signals of the other labels, or (2) 
unequivocally by sequencing both nucleic acid strands, 
because in this case one obtains a positive ?uorescence signal 
from each base pair. Another possible scheme that utilizes 
tWo labels is to have one base labelled With one ?uorophore 
and the other three bases With another ?uorophore. In this 
case, the other 3 bases do not give a sequence, but merely a 
number of bases that occur betWeen the particular base being 
identi?ed by the other ?uorophore. By cycling this identify 
ing ?uorophore through the different bases in different 
sequencing reactions, the entire sequence can be deduced 
from sequential sequencing runs. Extending this scheme of 
utilizing tWo labels only, it is even possible to obtain the full 
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sequence by employing only tWo labelled bases per sequenc 
ing run. As Was pointed out by Sauer et al., “Detection and 
Identi?cation of Single Dye Labelled Mononucleotide Mol 
ecules Released From an Optical Fiber in a Microcapillary: 
First Steps. ToWards a NeW Single Molecule DNA Sequenc 
ing Technique,”Phys. Chem. Chem. Phys. 1:2471-77 (1999), 
Which is hereby incorporated by reference, the sequence can 
be determined With 2 labels alone if one carries out multiple 
sequencing reactions With the possible combinations of the 
tWo labels. Therefore, in carrying out the process of the 
present invention, it is desirable to label long stretches of 
nucleic acid With at least 2 different labels. 

[0072] Where sequencing is carried out by attaching the 
polymerase rather than the nucleic acid to the support, it is 
important that the enzyme synthesizes long stretches of 
nucleic acid, Without the nucleic acid/protein complex falling 
apart. This is called processive nucleic acid synthesis. At least 
for the system using T7 DNA polymerase and dCTP com 
pletely replaced by coumarin-5-dCTP, the synthesis is fully 
processive over at least 7300 basepairs (i.e., one polymerase 
molecule binds to the ssDNA template and makes the entire 
second strand Without falling off even once). With one label, 
the process of the present invention can be carried out by 
Watching the polymerase in real time With base pair resolution 
and identifying the sequence pro?le of that base, but Without 
knoWing the other bases. Therefore, using four different 
labels Would be mo st desirable for greater speed and accuracy 
as noted above. However, information from measuring incor 
poration of nucleotides at a single molecule level, such as 
incorporation rates for individual bases in a given sequence 
context, can provide a means of further characterizing the 
sequence being synthesized. In respect to ensuring processive 
synthesis for the second operational mode of the present 
invention, accessory proteins can be utilized to make the 
nucleic acid/protein complex even more processive than 
using the nucleic acid polymerizing enzyme alone. For 
example, under optimal conditions, T7 DNA polymerase is 
processive over at least 10,000 bases, Whereas in complex 
With the T7 helicase/primase protein, the processivity is 
increased to over 100,000 bases. Kelman et al., “Processivity 
of DNA Polymerases: TWo Mechanisms, One Goal” Struc 
lure 6: 121-125 (1998), Which is hereby incorporated by 
reference. A single-stranded binding protein is also a suitable 
accessory protein. Processivity is especially important at con 
centrations of nucleotide analogs that are beloW the saturation 
limit for a particular polymerase, because it is knoWn that 
processivity values for polymerases are decreased at limiting 
substrate concentrations. See Patel et al., “Pre-Steady-State 
Kinetic Analysis of Processive DNA Replication Including 
Complete Characterization of an Exonuclease-De?cient 
Mutant,” Biochemistry 30: 511-525 (1991), Which is hereby 
incorporated by reference. Another possibility to ensure pro 
cessivity is the development or discovery of a polymerase that 
is fully processive in the absence or at very loW substrate 
concentrations (as is the case, e.g., for an elongating RNA 
polymerase/DNA-complex). In case the processivity is not 
suf?ciently high, it is possible to attach both the polymerase 
and the target nucleic acid molecule on the support proximate 
to each other. This Would facilitate the reformation of the 
complex and continuation of DNA synthesis, in case the 
sequencing complex falls apart occasionally. Non-processive 
polymerases can also be used in accordance With the present 
invention for the case Where the target nucleic acid is bound to 














