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ABSTRACT 

Disclosed herein are methods and apparatuses for sequenc 
ing a nucleic acid. These methods permit a very large 
number of independent sequencing reactions to be arrayed in 
parallel, permitting simultaneous sequencing of a very large 
number (>10,000) of di?cerent oligonucleotides. 
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APPARATUS AND METHOD FOR SEQUENCING A 
NUCLEIC ACID 

RELATED APPLICATIONS 

[0002] This application claims the bene?t of priority to 
US. Ser. No. 10/104,280 ?led Mar. 21, 2002; Which is a CIP 
of 09/814,338 ?led Mar. 21, 2001; Which is a CIP of US. 
Ser. No. 09/664,197 ?led Sep. 18, 2000; Which is a CIP of 
US. Ser. No. 09/398,833 ?led Sep. 16, 1999, now US. Pat. 
No. 6,274,320. Each of the above referenced patent and 
patent applications are incorporated herein by reference in 
their entireties. 

FIELD OF THE INVENTION 

[0003] The invention relates to apparatus and methods for 
determining the sequence of a nucleic acid. 

BACKGROUND OF THE INVENTION 

[0004] Many diseases are associated With particular DNA 
sequences. The DNA sequences are often referred to as DNA 
sequence polymorphisms to indicate that the DNA sequence 
associated With a diseased state differs from the correspond 
ing DNA sequence in non-a?licted individuals. DNA 
sequence polymorphisms can include, e.g., insertions, dele 
tions, or substitutions of nucleotides in one sequence relative 
to a second sequence. An example of a particular DNA 
sequence polymorphism is 5'-ATCG-3, relative to the 
sequence 5'-ATGG-3' at a particular location in the human 
genome. The ?rst nucleotide ‘G’ in the latter sequence has 
been replaced by the nucleotide ‘C’ in the former sequence. 
The former sequence is associated With a particular disease 
state, Whereas the latter sequence is found in individuals not 
suffering from the disease. Thus, the presence of the nucle 
otide sequence ‘5-ATCG-3’ indicates the individual has the 
particular disease. This particular type of sequence poly 
morphism is knoWn as a single-nucleotide polymorphism, or 
SNP, because the sequence difference is due to a change in 
one nucleotide. 

[0005] Techniques Which enable the rapid detection of as 
little as a single DNA base change are therefore important 
methodologies for use in genetic analysis. Because the siZe 
of the human genome is large, on the order of 3 billion base 
pairs, techniques for identifying polymorphisms must be 
sensitive enough to speci?cally identify the sequence con 
taining the polymorphism in a potentially large population 
of nucleic acids. 

[0006] Typically a DNA sequence polymorphism analysis 
is performed by isolating DNA from an individual, manipu 
lating the isolated DNA, e.g., by digesting the DNA With 
restriction enZymes and/or amplifying a subset of sequences 
in the isolated DNA. The manipulated DNA is then exam 
ined further to determine if a particular sequence is present. 

[0007] Commonly used procedures for analyZing the DNA 
include electrophoresis. Common applications of electro 
phoresis include agarose or polyacrylamide gel electro 
phoresis. DNA sequences are inserted, or loaded, on the gels 
and subjected to an electric ?eld. Because DNA carries a 
uniform negative charge, DNA Will migrate through the gel 
based on properties including sequence length, three-dimen 
sional conformation and interactions With the gel matrix 
upon application of the electrical ?eld. In most applications, 
smaller DNA molecules Will migrate more rapidly through 
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the gel than larger fragments. After electrophoresis has been 
continued for a suf?cient length of time, the DNA molecules 
in the initial population of DNA sequences Will have been 
separated according to their relative siZes. 

[0008] Particular DNA molecules can then be detected 
using a variety of detection methodologies. For some appli 
cations, particular DNA sequences are identi?ed by the 
presence of detectable tags, such as radioactive labels, 
attached to speci?c DNA molecules. 

[0009] Electrophoretic-based separation analyses can be 
less desirable for applications in Which it is desirable to 
rapidly, economically, and accurately analyZe a large num 
ber of nucleic acid samples for particular sequence poly 
morphisms. For example, electrophoretic-based analysis can 
require a large amount of input DNA. In addition, processing 
the large number of samples required for electrophoretic 
based nucleic acid based analyses can be labor intensive. 
Furthermore, these techniques can require samples of iden 
tical DNA molecules, Which must be created prior to elec 
trophoresis at costs that can be considerable. 

[0010] Recently, automated electrophoresis systems have 
become available. HoWever, electrophoresis can be ill suited 
for applications such as clinical sequencing, Where relatively 
cost-effective units With high throughput are needed. Thus, 
the need for non-electrophoretic methods for sequencing is 
great. For many applications, electrophoresis is used in 
conjunction With DNA sequence analysis. 

[0011] Several alternatives to electrophoretic-based 
sequencing have been described. These include scanning 
tunnel electron microscopy, sequencing by hybridiZation, 
and single molecule detection methods. 

[0012] Another alternative to electrophoretic-based sepa 
ration analysis is solid substrate-based nucleic acid analyses. 
These methods typically rely upon the use of large numbers 
of nucleic acid probes af?xed to different locations on a solid 
support. These solid supports can include, e.g., glass sur 
faces, plastic microtiter plates, plastic sheets, thin polymers, 
or semi-conductors. The probes can be, e.g., adsorbed or 
covalently attached to the support, or can be microencap 
sulated or otherWise entrapped Within a substrate matrix, 
membrane, or ?lm. 

[0013] Substrate-based nucleic acid analyses can include 
applying a sample nucleic acid knoWn or suspected of 
containing a particular sequence polymorphism to an array 
of probes attached to the solid substrate. The nucleic acids 
in the population are alloWed to hybridiZe to complementary 
sequences attached to the substrate, if present. HybridiZing 
nucleic acid sequences are then detected in a detection step. 

[0014] Solid support matrix-based hybridiZation and 
sequencing methodologies can require a high sample-DNA 
concentration and can be hampered by the relatively sloW 
hybridiZation kinetics of nucleic acid samples With immo 
biliZed oligonucleotide probes. Often, only a small amount 
of template DNA is available, and it can be desirable to have 
high concentrations of the target nucleic acid sequence. 
Thus, substrate based detection analyses often include a step 
in Which copies of the target nucleic acid, or a subset of 
sequences in the target nucleic acid, is ampli?ed. Methods 
based on the Polymerase Chain Reaction (PCR), e.g., can 
increase a small number of probe targets by several orders 
of magnitude in solution. HoWever, PCR can be dif?cult to 
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incorporate into a solid-phase approach because the ampli 
?ed DNA is not immobilized onto the surface of the solid 
support matrix. 

[0015] Solid-phase based detection of sequence polymor 
phisms has been described. An example is a “mini-sequenc 
ing” protocol based upon a solid phase principle described 
by Hultman, et al., 1988. Nucl. Acid. Res. 17: 4937-4946; 
Syvanen, et al., 1990. Genomics 8: 684-692. In this study, 
the incorporation of a radiolabeled nucleotide Was measured 
and used for analysis of a three-allelic polymorphism of the 
human apolipoprotein E gene. However, such radioactive 
methods are not Well suited for routine clinical applications, 
and hence the development of a simple, highly sensitive 
non-radioactive method for rapid DNA sequence analysis 
has also been of great interest. 

SUMMARY OF THE INVENTION 

[0016] The invention is based in part on the use of arrays 
for determining the sequences of nucleic acids. 

[0017] Accordingly, in one aspect, the invention involves 
an array including a planar surface With a plurality of 
reaction chambers disposed thereon, Wherein the reaction 
chambers have a center to center spacing of betWeen 5 to 
200 um and each chamber has a Width in at least one 
dimension of betWeen 0.3 pm and 100 pm. In some embodi 
ments, the array is a planar surface With a plurality of 
cavities thereon, Where each cavity forms an analyte reaction 
chamber. In a preferred embodiment, the array is fashioned 
from a sliced ?ber optic bundle (i.e., a bundle of fused ?ber 
optic cables) and the reaction chambers are formed by 
etching one surface of the ?ber optic reactor array 
(“FORA”). The cavities can also be formed in the substrate 
via etching, molding or micromachining. 

[0018] Speci?cally, each reaction chamber in the array 
typically has a Width in at least one dimension of betWeen 
0.3 pm and 100 um, preferably betWeen 0.3 um and 20 um, 
mst preferably betWeen 0.3 pm and 10 pm. In a separate 
embodiment, We contemplate larger reaction chambers, 
preferably having a Width in at least one dimension of 
betWeen 20 um and 70 um. 

[0019] The array typically contains more than 1,000 reac 
tion chambers, preferably more than 400,000, more prefer 
ably betWeen 400,000 and 20,000,000, and most preferably 
betWeen 1,000,000 and 16,000,000 cavities or reaction 
chambers. The shape of each cavity is frequently substan 
tially hexagonal, but the cavities can also be cylindrical. In 
some embodiments, each cavity has a smooth Wall surface, 
hoWever, We contemplate that each cavity may also have at 
least one irregular Wall surface. The bottom of each of the 
cavities can be planar or concave. 

[0020] The array is typically constructed to have cavities 
or reaction chambers With a center-to-center spacing 
betWeen 10 to 150 um, preferably betWeen 50 to 100 pm. 

[0021] Each cavity or reaction chamber typically has a 
depth of betWeen 10 um and 100 um; alternatively, the depth 
is betWeen 0.25 and 5 times the size of the Width of the 
cavity, preferably betWeen 0.3 and 1 times the size of the 
Width of the cavity. 

[0022] In one embodiment, the arrays described herein 
typically include a planar top surface and a planar bottom 
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surface, Which is optically conductive such that optical 
signals from the reaction chambers can be detected through 
the bottom planar surface. In these arrays, typically the 
distance betWeen the top surface and the bottom surface is 
no greater than 10 cm, preferably no greater than 3 cm, most 
preferably no greater than 2 cm, and usually betWeen 0.5 
mm to 5 mm. 

[0023] In one embodiment, each cavity of the array con 
tains reagents for analyzing a nucleic acid or protein. The 
array can also include a second surface spaced apart from the 
planar array and in opposing contact thereWith such that a 
How chamber is formed over the array. 

[0024] In another aspect, the invention involves an array 
means for carrying out separate parallel common reactions 
in an aqueous environment, Wherein the array means 
includes a substrate having at least 1,000 discrete reaction 
chambers. These chambers contain a starting material that is 
capable of reacting With a reagent. Each of the reaction 
chambers are dimensioned such that When one or more 

?uids containing at least one reagent is delivered into each 
reaction chamber, the diffusion time for the reagent to 
diffuse out of the Well exceeds the time required for the 
starting material to react With the reagent to form a product. 
The reaction chambers can be formed by generating a 
plurality of cavities on the substrate, or by generating 
discrete patches on a planar surface, the patches having a 
different surface chemistry than the surrounding planar 
surface. 

[0025] In one embodiment, each cavity or reaction cham 
ber of the array contains reagents for analyzing a nucleic 
acid or protein. Typically those reaction chambers that 
contain a nucleic acid (not all reaction chambers in the array 
are required to) contain only a single species of nucleic acid 
(i.e., a single sequence that is of interest). There may be a 
single copy of this species of nucleic acid in any particular 
reaction chamber, or they may be multiple copies. It is 
generally preferred that a reaction chamber contain at least 
100 copies of a nucleic acid sequence, preferably at least 
100,000 copies, and most preferably betWeen 100,000 to 
1,000,000 copies of the nucleic acid. In one embodiment the 
nucleic acid species is ampli?ed to provide the desired 
number of copies using PCR, RCA, ligase chain reaction, 
other isothermal ampli?cation, or other conventional means 
of nucleic acid ampli?cation. In one embodimant, the 
nucleic acid is single stranded. In other embodiments the 
single stranded DNA is a concatamer With each copy 
covalently linked end to end. 

[0026] The nucleic acid may be immobilized in the reac 
tion chamber, either by attachment to the chamber itself or 
by attachment to a mobile solid support that is delivered to 
the chamber. A bioactive agent could be delivered to the 
array, by dispersing over the array a plurality of mobile solid 
supports, each mobile solid support having at least one 
reagent immobilized thereon, Wherein the reagent is suitable 
for use in a nucleic acid sequencing reaction. 

[0027] The array can also include a population of mobile 
solid supports disposed in the reaction chambers, each 
mobile solid support having one or more bioactive agents 
(such as a nucleic acid or a sequencing enzyme) attached 
thereto. The diameter of each mobile solid support can vary, 
We prefer the diameter of tie mobile solid support to be 
betWeen 0.01 to 0.1 times the Width of each cavity. Not every 
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reaction chamber need contain one or more mobile solid 
supports. There are three contemplated embodiments; one 
Where at least 5% to 20% of of the reaction chambers can 
have a mobile solid support having at least one reagent 
immobilized thereon; a second embodiment Where 20% to 
60% of the reaction chambers can have a mobile solid 
support having at least one reagent immobiliZed thereon; 
and a third embodiment Where 50% to 100% of the reaction 
chambers can have a mobile solid support having at least one 
reagent immobiliZed thereon. 

[0028] The mobile solid support typically has at least one 
reagent immobiliZed thereon. For the embodiments relating 
to pyrosequencing reactions or more generally to ATP detec 
tion, the reagent may be a polypeptide With sulfurylase or 
luciferase activity, or both. The mobile solid supports can be 
used in methods for dispersing over the array a plurality of 
mobile solid supports having one or more nucleic sequences 
or proteins or enzymes immobiliZed thereon. 

[0029] In another aspect, the invention involves an appa 
ratus for simultaneously monitoring the array of reaction 
chambers for light generation, indicating that a reaction is 
taking place at a particular site. In this embodiment, the 
reaction chambers are sensors, adapted to contain analytes 
and an enZymatic or ?uorescent means for generating light 
in the reaction chambers. In this embodiment of the inven 
tion, the sensor is suitable for use in a biochemical or 
cell-based assay. The apparatus also includes an optically 
sensitive device arranged so that in use the light from a 
particular reaction chamber Would impinge upon a particular 
predetermined region of the optically sensitive device, as 
Well as means for determining the light level impinging 
upon each of the predetermined regions and means to record 
the variation of the light level With time for each of the 
reaction chamber. 

[0030] In one speci?c embodiment, the instrument 
includes a light detection means having a light capture 
means and a second ?ber optic bundle for transmitting light 
to the light detecting means. We contemplate one light 
capture means to be a CCD camera. The second ?ber optic 
bundle is typically in optical contact With the array, such that 
light generated in an individual reaction chamber is captured 
by a separate ?ber or groups of separate ?bers of the second 
?ber optic bundle for transmission to the light capture 
means. 

[0031] The above arrays may be used for carrying out 
separate parallel common reactions in an aqueous environ 
ment. The method includes delivering a ?uid containing at 
least one reagent to the described arrays, Wherein certain 
reaction chambers (not necessarily all) on the array contain 
a starting material that is capable of reacting With the 
reagent. Each of the reaction chambers is dimensioned such 
that When the ?uid is delivered into each reaction chamber, 
the diffusion time for the reagent to diffuse out of the Well 
exceeds the time required for the starting material to react 
With the reagent to form a product. The method also includes 
Washing the ?uid from the array in the time period after the 
starting material has reacted With the reagent to form a 
product in each reaction chamber but before the reagent 
delivered to any one reaction chamber has diffused out of 
that reaction chamber into any other reaction chamber. In 
one embodiment, the product formed in any one reaction 
chamber is independent of the product formed in any other 
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reaction chamber, but is generated using one or more com 
mon reagents. The starting material can be a nucleic acid 
sequence and at least one reagent in the ?uid is a nucleotide 
or nucleotide analog. The ?uid can additionally have a 
polymerase capable of reacting the nucleic acid sequence 
and the nucleotide or nucleotide analog. The steps of the 
method can be repeated sequentially. 

[0032] The apparatus includes a novel reagent delivery 
cuvette adapted for use With the arrays described herein, to 
provide ?uid reagents to the array, and a reagent delivery 
means in communication With the reagent delivery cuvette. 

[0033] The disclosures of one or more embodiments of the 
invention are set forth in the accompanying description 
beloW. Although any methods and materials similar or 
equivalent to those described herein can be used in the 
practice or testing of the present invention, the preferred 
methods and materials are noW described. Other features, 
objects, and advantages of the invention Will be apparent 
from the description and from the claims. In the speci?cation 
and the appended claims, the singular forms include plural 
referents unless the context clearly dictates otherWise. 
Unless de?ned otherWise, all technical and scienti?c terms 
used herein have the same meaning as commonly under 
stood by one of ordinary skill in the art to Which this 
invention belongs. Unless expressly stated otherWise, the 
techniques employed or contemplated herein are standard 
methodologies Well knoWn to one of ordinary skill in the art. 
The examples of embodiments are for illustration purposes 
only. All patents and publications cited in this speci?cation 
are incorporated by reference. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0034] FIGS. 1A-D are schematic illustrations of rolling 
circle-based ampli?cation using an anchor primer. 

[0035] FIG. 2 is a draWing of a sequencing apparatus 
according to the present invention. 

[0036] FIG. 3 is a draWing of a perfusion chamber accord 
ing to the present invention. 

[0037] FIG. 4 is a draWing of a cavitated ?ber optic 
terminus of the present invention. 

[0038] FIG. 5 is a tracing of a sequence output of a 
concatemeric template generated using rolling circle ampli 
?cation. 

[0039] FIG. 6 is a micrograph of a Fiber Optic Reactor 
Array (FORA). 
[0040] FIG. 7 is a schematic illustration for the the prepa 
ration of a carpeted FORA. 

[0041] FIG. 8 is a micrograph for single Well DNA deliv 
ery. 

[0042] FIG. 9 is a schematic illustration of the FloW 
Chamber and FORA. 

[0043] FIG. 10 is a diagram of the analytical instrument of 
the present invention. 

[0044] FIG. 11 is a schematic illustration of microscopic 
parallel sequencing reactions Within a FORA. 

[0045] FIG. 12 is a micrograph of single Well reactions. 



US 2007/0092872 A1 

DETAILED DESCRIPTION OF THE 
INVENTION 

[0046] The methods and apparatuses described herein 
alloW for the determination of nucleic acid sequence infor 
mation Without the need for ?rst cloning a nucleic acid. In 
addition, the method is highly sensitive and can be used to 
determine the nucleotide sequence of a template nucleic 
acid, Which is present in only a feW copies in a starting 
population of nucleic acids. Further, the method can be used 
to determine simultaneously the sequences of a large num 
ber of nucleic acids. 

[0047] The methods and apparatuses described are gener 
ally useful for any application in Which the identi?cation of 
any particular nucleic acid sequence is desired. For example, 
the methods alloW for identi?cation of single nucleotide 
polymorphisms (SNPs), haplotypes involving multiple 
SNPs or other polymorphisms on a single chromosome, and 
transcript pro?ling. Other uses include sequencing of arti 
?cial DNA constructs to con?rm or elicit their primary 
sequence, or to identify speci?c mutant clones from random 
mutagenesis screens, as Well as to obtain the sequence of 
cDNA from single cells, Whole tissues or organisms from 
any developmental stage or environmental circumstance in 
order to determine the gene expression pro?le from that 
specimen. In addition, the methods alloW for the sequencing 
of PCR products and/or cloned DNA fragments of any siZe 
isolated from any source. 

[0048] The methods described herein include a sample 
preparation process that results in a solid or a mobile solid 
substrate array containing a plurality of anchor primers 
covalently linked to a nucleic acid containing one or more 
copies complementary to a target nucleic acid. Formation of 
the covalently linked anchor primer and one or more copies 
of the target nucleic acid preferably occurs by annealing the 
anchor primer to a complementary region of a circular 
nucleic acid, and then extending the annealed anchor primer 
With a polymerase to result in formation of a nucleic acid 
containing one or more copies of a sequence complementary 
to the circular nucleic acid. 

[0049] Attachment of the anchor primer to a solid or 
mobile solid substrate can occur before, during, or subse 
quent to extension of the annealed anchor primer. Thus, in 
one embodiment, one or more anchor primers are linked to 
the solid or a mobile solid substrate, after Which the anchor 
primer is annealed to a target nucleic acid and extended in 
the presence of a polymerase. Alternatively, in a second 
embodiment, an anchor primer is ?rst annealed to a target 
nucleic acid, and a 3'OH terminus of the annealed anchor 
primer is extended With a polymerase. The extended anchor 
primer is then linked to the solid or mobile solid substrate. 
By varying the sequence of anchor primers, it is possible to 
speci?cally amplify distinct target nucleic acids present in a 
population of nucleic acids. 

[0050] Sequences in the target nucleic acid can be iden 
ti?ed in a number of Ways. Preferably, a sequencing primer 
is annealed to the ampli?ed nucleic acid and used to generate 
a sequencing product. The nucleotide sequence of the 
sequence product is then determined, thereby alloWing for 
the determination of the nucleic acid. Similarly, in one 
embodiment, the template nucleic acid is ampli?ed prior to 
its attachment to the bead or other mobile solid support. In 
other embodiments, the template nucleic acid is attached to 
the bead prior to its ampli?cation. 
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[0051] The methods of the present invention can be also 
used for the sequencing of DNA fragments generated by 
analytical techniques that probe higher order DNA structure 
by their differential sensitivity to enZymes, radiation or 
chemical treatment (e.g., partial DNase treatment of chro 
matin), or for the determination of the methylation status of 
DNA by comparing sequence generated from a given tissue 
With or Without prior treatment With chemicals that convert 
methyl-cytosine to thymidine (or other nucleotide) as the 
effective base recogniZed by the polymerase. Further, the 
methods of the present invention can be used to assay 
cellular physiology changes occurring during development 
or senescence at the level of primary sequence. 

[0052] The invention also provides methods of preparing 
nucleic acid sequences for subsequent analysis, e.g., 
sequencing. 
I. Apparatus for Sequencing Nucleic Acids 

[0053] This invention provides an apparatus for sequenc 
ing nucleic acids, Which generally comprises one or more 
reaction chambers for conducting a sequencing reaction, 
means for delivering reactants to and from the reaction 
chamber(s), and means for detecting a sequencing reaction 
event. In another embodiment, the apparatus includes a 
reagent delivery cuvette containing a plurality of cavities on 
a planar surface. In a preferred embodiment, the apparatus is 
connected to at least one computer for controlling the 
individual components of the apparatus and for storing 
and/or analyzing the information obtained from detection of 
the sequence reaction event. 

[0054] The invention also provides one or more reaction 
chambers are arranged in the form of an array on an inert 
substrate material, also referred to herein as a “solid sup 
port”, that alloWs for combination of the reactants in a 
sequencing reaction in a de?ned space and for detection of 
the sequencing reaction event. Thus, as used herein, the 
terms “reaction chamber” or “analyte reaction chamber” 
refer to a localiZed area on the substrate material that 
facilitates interaction of reactants, e.g., in a nucleic acid 
sequencing reaction. As discussed more fully beloW, the 
sequencing reactions contemplated by the invention prefer 
ably occur on numerous individual nucleic acid samples in 
tandem, in particular simultaneously sequencing numerous 
nucleic acid samples derived from genomic and chromo 
somal DNA. The apparatus of the invention therefore pref 
erably comprises an array having a su?icient number of 
reaction chambers to carry out such numerous individual 
sequencing reactions. In one embodiment, the array com 
prises at least 1,000 reaction chambers. In another embodi 
ment, the array comprises greater than 400,000 reaction 
chambers, preferably betWeen 400,000 and 20,000,000 reac 
tion chambers. In a more preferred embodiment, the array 
comprises betWeen 1,000,000 and 16,000,000 reaction 
chambers. 

[0055] The reaction chambers on the array typically take 
the form of a cavity or Well in the substrate material, having 
a Width and depth, into Which reactants can be deposited. 
One or more of the reactants typically are bound to the 
substrate material in the reaction chamber and the remainder 
of the reactants are in a medium Which facilitates the 
reaction and Which ?oWs through the reaction chamber. 
When formed as cavities or Wells, the chambers are prefer 
ably of suf?cient dimension and order to alloW for (i) the 




























































