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METHODS AND COMPOSITIONS FOR EFFICIENT 
NUCLEIC ACID SEQUENCING 

[0001] The present application is a continuation-in-part of 
co-pending US. patent application Ser. No. 08/303,058, ?led 
Sep. 8, 1994; which is a continuation-in-part of US. patent 
application Ser. No. 08/127,420, ?led Sep. 27, 1993; the 
entire text and ?gures of which disclosures are speci?cally 
incorporated herein by reference without disclaimer. 

[0002] The US. Government owns rights in the present 
invention pursuant to Department of Energy grant LDRD 
03235 and Contract No. W-3 1 -109-ENG-38 between the US. 
Department of Energy and The University of Chicago, rep 
resenting Argonne National Laboratory. 

BACKGROUND OF THE INVENTION 

[0003] 1. Field of the Invention 

[0004] The present invention generally relates to the ?eld of 
molecular biology. The invention particularly provides novel 
methods and compositions to enable highly e?icient sequenc 
ing of nucleic acid molecules. The methods of the invention 
are suitable for sequencing long nucleic acid molecules, 
including chromosomes and RNA, without cloning or sub 
cloning steps. 

[0005] 2. Description of the Related Art 

[0006] Nucleic acid sequencing forms an integral part of 
scienti?c progress today. Determining the sequence, i.e. the 
primary structure, of nucleic acid molecules and segments is 
important in regard to individual projects investigating a 
range of particular target areas. Information gained from 
sequencing impacts science, medicine, agriculture and all 
areas of biotechnology. Nucleic acid sequencing is, of course, 
vital to the human genome project and other large-scale 
undertakings, the aim of which is to further our understanding 
of evolution and the function of organisms and to provide an 
insight into the causes of various disease states. 

[0007] The utility of nucleic acid sequencing is evident, for 
example, the Human Genome Project (HGP), a multinational 
effort devoted to sequencing the entire human genome, is in 
progress at various centers. However, progress in this area is 
generally both slow and costly. Nucleic acid sequencing is 
usually determined on polyacrylamide gels that separate 
DNA fragments in the range of 1 to 500 bp, differing in length 
by one nucleotide. The actual determination of the sequence, 
i.e., the order of the individual A, G, C and T nucleotides may 
be achieved in two ways. Firstly, using the Maxam and Gil 
bert method of chemically degrading the DNA fragment at 
speci?c nucleotides (Maxam & Gilbert, 1977), or secondly, 
using the dideoxy chain termination sequencing method 
described by Sanger and colleagues (Sanger et al., 1977). 
Both methods are time-consuming and laborious. 

[0008] More recently, other methods of nucleic acid 
sequencing have been proposed that do not employ an elec 
trophoresis step, these methods may be collectively termed 
Sequencing By Hybridization or SBH (Drmanac et al., 1991; 
Cantor et al., 1992; Drmanac & Crkvenjakov, US. Pat. No. 
5,202,231). Development of certain of these methods has 
given rise to new solid support type sequencing tools known 
as sequencing chips. The utility of SBH in general is evi 
denced by the fact that US. Patents have been granted on this 
technology. However, although SBH has the potential for 
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increasing the speed with which nucleic acids can be 
sequenced, all current SBH methods still suffer from several 
drawbacks. 

[0009] SBH can be conducted in two basic ways, often 
referred to as Format 1 and Format 2 (Cantor et al., 1992). In 
Format 1, oligonucleotides of unknown sequence, generally 
of about 100-1000 nucleotides in length, are arrayed on a 
solid support or ?lter so that the unknown samples themselves 
are immobilized (Strezoska et al., 1991; Drmanac & Crkven 
jakov, US. Pat. No. 5,202,231). Replicas of the array are then 
interrogated by hybridization with sets of labeled probes of 
about 6 to 8 residues in length. In Format 2, a sequencing chip 
is formed from an array of oligonucleotides with known 
sequences of about 6 to 8 residues in length (Southern, WO 
89/10977; Khrapko et al., 1991; Southern et al., 1992). The 
nucleic acids of unknown sequence are then labeled and 
allowed to hybridize to the immobilized oligos. 

[0010] Unfortunately, both of these SBH formats have sev 
eral limitations, particularly the requirement for prior DNA 
cloning steps. In Format 1, other signi?cant problems include 
attaching the various nucleic acid pieces to be sequenced to 
the solid surface support or preparing a large set of longer 
probes. In Format 2, major problems include labelling the 
nucleic acids of unknown sequence, high noise to signal 
ratios that generally result, and the fact that only short 
sequences can be determined. Further problems of Format 2 
include the secondary structure formation that prevents 
access to some targets and the different conditions that are 
necessary for probes with different GC contents. Therefore, 
the art would clearly bene?t from a new procedure for nucleic 
acid sequencing, and particularly, one that avoids the tedious 
processes of cloning and/or subcloning. 

SUMMARY OF THE INVENTION 

[0011] The present invention seeks to overcome these and 
other drawbacks inherent in the prior art by providing new 
methods and compositions for the sequencing of nucleic 
acids. The novel techniques described herein have been gen 
erally termed Format 3 by the inventors and represent marked 
improvements over the existing Format 1 and Format 2 SBH 
methods. In the Format 3 sequencing provided by the inven 
tion, nucleic acid sequences are determined by means of 
hybridization with two sets of small oligonucleotide probes 
of known sequences. The methods of the invention allow high 
discriminatory sequencing of extremely large nucleic acid 
molecules, including chromosomal material or RNA, without 
prior cloning, subcloning or ampli?cation. Furthermore, the 
present methods do not require large numbers of probes, the 
complex synthesis of longer probes, or the labelling of a 
complex mixture of nucleic acids segments. 

[0012] To determine the sequence of a nucleic acid accord 
ing to the methods of the present invention, one would gen 
erally identify sequences from the nucleic acid by hybridizing 
with complementary sequences from two sets of small oligo 
nucleotide probes (oligos) of de?ned length and known 
sequence, which cover most combinations of sequences for 
that length of probe. One would then analyze the sequences 
identi?ed to determine stretches of the identi?ed sequences 
that overlap, and reconstruct or assemble the complete 
nucleic acid sequence from such overlapping sequences. 

[0013] The sequencing methods may be conducted using 
sequential hybridization with complementary sequences 
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from the tWo sets of small oligos. Alternatively, a mode 
described as “cycling” may be employed, in Which the tWo 
sets of small oligos are hybridized With the unknown 
sequences simultaneously. The term “cycling” is applied as 
the discriminatory part of the technique comes from then 
increasing the temperature to “melt” those hybrids that are 
non-complementary. Such cycling techniques are commonly 
employed in other areas of molecular biology, such as PCR, 
and Will be readily understood by those of skill in the art in 
light When reading the present disclosure. 

[0014] The invention is applicable to sequencing nucleic 
acid molecules of very long length. As a practical matter, the 
nucleic acid molecule to be sequenced Will generally be frag 
mented to provide small or intermediate length nucleic acid 
fragments that may be readily manipulated. The term nucleic 
acid fragment, as used herein, most generally means a nucleic 
acid molecule of betWeen about 10 base pairs (bp) and about 
100 bp in length. The mo st preferred methods of the invention 
are contemplated to be those in Which the nucleic acid mol 
ecule to be sequenced is treated to provide nucleic acid frag 
ments of intermediate length, i.e., of betWeen about 10 bp and 
about 40 bp. HoWever, it should be stressed that the present 
invention is not a method of completely sequencing small 
nucleic acid fragments, rather it is a method of sequencing 
nucleic acid molecules per se, Which involves determining 
portions of sequence from Within the moleculeiWhether this 
is done using the Whole molecule, or for simplicity, Whether 
this is achieved by ?rst fragmenting the molecule into smaller 
sized sections of from about 4 to about 1000 bases. 

[0015] Sequences from nucleic acid molecules are deter 
mined by hybridizing to small oligonucleotide probes of 
knoWn sequence. In referring to “small oligonucleotide 
probes”, the term “small” means probes of less than 10 bp in 
length, and preferably, probes of betWeen about 4 bp and 
about 9 bp in length. In one exemplary sequencing embodi 
ment, probes of about 6 bp in length are contemplated to be 
particularly useful. For the sets of oligos to cover all combi 
nations of sequences for the length of probe chosen, their 
number Will be represented by 4F, Wherein F is the length of 
the probe. For example, for a 4-mer, the set Would contain 256 
probes; for a 5-mer, the set Would contain 1024 probes; for a 
6-mer, 4096 probes; a 7-mer, 16384 probes; and the like. The 
synthesis of oligos of this length is very routine in the art and 
may be achieved by automated synthesis. 

[0016] In the methods of the invention, one set of the small 
oligonucleotide probes of knoWn sequence, Which may be 
termed the ?rst set, Will be attached to a solid support, i.e., 
immobilized on that support in such a Way so that they are 
available to take part in hybridization reactions. The other set 
of small oligonucleotide probes of known sequence, Which 
may be termed the second set, Will be probes that are in 
solution and that are labelled With a detectable label. The sets 
of oligos may include probes of the same or different lengths. 

[0017] The process of sequential hybridization means that 
nucleic acid molecules, or fragments, of unknoWn sequence 
can be hybridized to the distinct sets of oligonucleotide 
probes of knoWn sequences at separate times (FIG. 1). The 
nucleic acid molecules or fragments Will generally be dena 
tured, alloWing hybridization, and added to the ?rst, immo 
bilized set of probes under discriminating hybridization con 
ditions to ensure that only fragments With complementary 
sequences hybridize. Fragments With non-complementary 
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sequences are removed and the next round of discriminating 
hybridization is then conducted by adding the second, 
labelled set of probes, in solution, to the combination of 
fragments and probes already formed. Labelled probes that 
hybridize adjacent to a ?xed probe Will remain attached to the 
support and can be detected, Which is not the case When there 
is space betWeen the ?xed and labelled probes (FIG. 1). 

[0018] The process of simultaneous hybridization means 
that the unknoWn sequence nucleic acid molecules can be 
contacted With the distinct sets of oligonucleotide probes of 
knoWn sequences at the same time. Hybridization Will occur 
under discriminating hybridization conditions. Fragments 
With non-complementary sequences are then “melted”, i.e., 
removed by increasing the temperature, and the next round of 
discriminating hybridization is then conducted, alloWing any 
complementary second probes to hybridize. Labelled probes 
that hybridize adjacent to a ?xed probe Will then be detected 
in the same manner. 

[0019] Nucleic acid sequences that are “complementary” 
are those that are capable of base-pairing according to the 
standard Watson-Crick complementarity rules, and variations 
of the rules as they apply to modi?ed bases. That is, that the 
larger purines, or modi?ed purines, Will alWays base pair With 
the smaller pyrimidines to form only knoWn combinations. 
These include the standard paris of guanine paired With 
Cytosine (GzC) and Adenine paired With either Thymine 
(AzT), in the case of DNA, or Adenine paired With Uracil 
(AzU) in the case of RNA. The use of modi?ed bases, or the 
so-called Universal Base (M, Nichols et al., 1994) is also 
contemplated. 
[0020] As used herein, the term “complementary 
sequences” means nucleic acid sequences that are substan 
tially complementary over their entire length and have very 
feW base mismatches. For example, nucleic acid sequences of 
six bases in length may be termed complementary When they 
hybridize at ?ve out of six positions With only a single mis 
match. Naturally, nucleic acid sequences that are “completely 
complementary” Will be nucleic acid sequences that are 
entirely complementary throughout their entire length and 
have no base mismatches. 

[0021] After identifying, by hybridization to the oligos of 
knoWn sequence, various individual sequences that are part of 
the nucleic acid fragments, these individual sequences are 
next analyzed to identify stretches of sequences that overlap. 
For example, portions of sequences in Which the 5' end is the 
same as the 3' end of another sequence, or vice versa, are 
identi?ed. The complete sequence of the nucleic acid mol 
ecule or fragment can then be delineated i.e., it can be recon 
structed from the overlapping sequences thus determined. 

[0022] The processes of identifying overlapping sequences 
and reconstructing the complete sequence Will generally be 
achieved by computational analysis. For example, if a 
labelled probe 5'-TTTTTT-3' hybridizes to the spot contain 
ing the ?xed probe 5'-AAAAAA-3', a 12-mer sequence from 
Within the nucleic acid molecule is de?ned, namely 
5'-AAAAAATTTTTT-3' (SEQ ID NO: 1), i.e. the sequence of 
the tWo hybridized probes is combined to reveal a previously 
unknoWn sequence. The next question to be ansWered is 
Which nucleotide folloWs next after the neWly determined 
5'AAAAAATTTTTT-3' (SEQ ID N011) sequence. There are 
fourpossibilities represented by the ?xed probe 5'-AAAAAT 
3' and labelled probes 5'-TTTTTA-3' forA; 5'-TTTTTT-3' for 
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T; 5'-TTTTTC-3' for C; and 5'-TTTTTG-3' for G. If, for 
example, the probe 5'-TTTTTC-3' is positive and the other 
three are negative, then the assembled sequence is extended to 
5'-AAAAAATTTTTTC-3' (SEQ ID N012). In the next step, 
an algorithm determines Which of the labelled probes 
TTTTCA, TTTTCT, TTTTCC or TTTTCG are positive at the 
spot containing the ?xed probe AAAATT. The process is 
repeated until all positive (F+P) oligonucleotide sequences 
are used or de?ned as false positives. 

[0023] The present invention thus provides a very effective 
Way to sequence nucleic acid fragments and molecules of 
long length. Large nucleic acid molecules, as de?ned herein, 
are those molecules that need to be fragmented prior to 
sequencing. They Will generally be of at least about 45 or 50 
base pairs (bp) in length, and Will mo st often be longer. In fact, 
the methods of the invention may be used to sequence nucleic 
acid molecules With virtually no upper limit on length, so that 
sequences of about 100 bp, 1 kilobase (kb), 100 kb, 1 mega 
base (Mb), and 50 Mb or more may be sequenced, up to and 
including complete chromosomes, such as human chromo 
somes, Which are about 100 Mb in length. Such a large num 
ber is Well Within the scope of the present invention and 
sequencing this number of bases Will require tWo sets of 
8-mers or 9-mers (so that F +P% 1 6-1 8). The nucleic acids to 
be sequenced may be DNA, such as cDNA, genomic DNA, 
microdissected chromosome bands, cosmid DNA or YAC 
inserts, or may be RNA, including mRNA, rRNA, tRNA or 
snRNA. 

[0024] The process of determining the sequence of a long 
nucleic acid molecule involves simply identifying sequences 
of length F +P from the molecule and combining the 
sequences using a suitable algorithm. In practical terms, one 
Would most likely ?rst fragment the nucleic acid molecule to 
be sequenced to produce smaller fragments, such as interme 
diate length nucleic acid fragments. One Would then identify 
sequences of length F+P by hybridizing, e.g., sequentially 
hybridizing, the fragments to complementary sequences from 
the tWo sets of small oligonucleotide probes of knoWn 
sequence, as described above. In this manner, the complete 
nucleic acid sequence of extremely large molecules can be 
reconstructed from overlapping sequences of length F+P. 

[0025] Whether the nucleic acid to be sequenced is itself an 
intermediate length fragment or is ?rst treated to generate 
such length fragments, the process of identifying sequences 
from such nucleic acid fragments by hybridizing to tWo sets 
of small oligonucleotide probes of knoWn sequence is central 
to the sequencing methods disclosed herein. This process 
generally comprises the folloWing steps: 

[0026] (a) contacting the set or array of attached or 
immobilized oligonucleotide probes With the nucleic 
acid fragments under hybridization conditions effective 
to alloW fragments With a complementary sequence to 
hybridize suf?ciently to a probe, thereby forming pri 
mary complexes Wherein the fragment has both hybrid 
ized and non-hybridized, or “free”, sequences; 

[0027] (b) contacting the primary complexes With the set 
of labelled oligonucleotide probes in solution under 
hybridization conditions effective to alloW probes With 
complementary sequences to hybridize to a non-hybrid 
ized or free fragment sequence, thereby forming second 
ary complexes Wherein the fragment is hybridized to 
both an attached (immobilized) probe and a labelled 
probe; 
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[0028] (c) removing from the secondary complexes any 
labelled probes that have not hybridized adjacent to an 
attached probe, thereby leaving only adjacent secondary 
complexes; 

[0029] (d) detecting the adjacent secondary complexes 
by detecting the presence of the label in the labelled 
probe; and 

[0030] (e) identifying oligonucleotide sequences from 
the nucleic acid fragments in the adjacent secondary 
complexes by combining or connecting the knoWn 
sequences of the hybridized attached and labelled 
probes. 

[0031] The hybridization or ‘Washing conditions’ chosen to 
conduct either one, or both, of the hybridization steps may be 
manipulated according to the particular sequencing embodi 
ment chosen. For example, both of the hybridization condi 
tions may be designed to alloW oligonucleotide probes to 
hybridize to a given nucleic acid fragment When they contain 
complementary sequences, i.e., substantially matching 
sequences, such as those sequences that hybridize at ?ve out 
of six positions. The hybridization steps Would preferably be 
conducted using a simple robotic device as is routinely used 
in current sequencing procedures. 

[0032] Alternatively, the hybridization conditions may be 
designed to alloW only those oligonucleotide probes and frag 
ments that have completely complementary sequences to 
hybridize. These more discriminating or ‘stringent’ condi 
tions may be used for both distinct steps of a sequential 
hybridization process or for either step alone. In such cases, 
the oligonucleotide probes, Whether immobilized or labelled 
probes, Would only be alloWed to hybridize to a given nucleic 
acid fragment When they shared completely complementary 
sequences With the fragment. 

[0033] The hybridization conditions chosen Will generally 
dictate the degree of complexity required to analyze the data 
obtained. Equally, the computer programs available to ana 
lyze any data generated may dictate the hybridization condi 
tions that must be employed in a given laboratory. For 
example, in the most discriminating process, both hybridiza 
tion steps Would be conducted under conditions that alloW 
only oligos and fragments With completely complementary 
sequences to hybridize. As there Will be no mismatched 
bases, this method involves the least complex computational 
analyses and, for this reason, it is the currently preferred 
method for practicing the invention. HoWever, the use of less 
discriminating conditions for one or both hybridization steps 
also falls Within the scope of the present invention. 

[0034] Suitable hybridization conditions for use in either or 
both steps may be routinely determined by optimization pro 
cedures or ‘pilot studies’. Various types of pilot studies are 
routinely conducted by those skilled in the art of nucleic acid 
sequencing in establishing Working procedures and in adapt 
ing a procedure for use in a given laboratory. For example, 
conditions such as the temperature; the concentration of each 
of the components; the length of time of the steps; the buffers 
used and their pH and ionic strength may be varied and 
thereby optimized. 
[0035] In preferred embodiments, the nucleic acid 
sequencing method of the invention involves a discriminating 
step to select for secondary hybridization complexes that 
include immediately adjacent immobilized and labelled 
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probes, as distinct from those that are not immediately adja 
cent and are separated by one, tWo or more bases. A variety of 
processes are available for removing labelled probes that are 
not hybridized immediately adjacent to an attached probe, 
i.e., not hybridized back to back, each of Which leaves only 
the immediately adjacent secondary complexes. 

[0036] Such discriminatory processes may rely solely on 
Washing steps of controlled stringency Wherein the hybrid 
ization conditions employed are designed so that immedi 
ately adjacently probes remain hybridized due to the 
increased stability afforded by the stacking interactions of the 
adjacent nucleotides. Again, Washing conditions such as tem 
perature, concentration, time, buffers, pH, ionic strength and 
the like, may be varied to optimize the removal of labelled 
probes that are not immediately adjacent. 

[0037] In preferred embodiments the immediately adjacent 
immobilized and labelled probes Would be ligated, i.e., 
covalently joined, prior to performing Washing steps to 
remove any non-ligated probes. Ligation may be achieved by 
treating With a solution containing a chemical ligating agent, 
such as, e.g., Water-soluble carbodiimide or cyanogen bro 
mide. More preferably, a ligase enzyme, such as T4 DNA 
ligase from T4 bacteriophage, Which is commercially avail 
able from many sources (e.g., Biolabs), may be employed. In 
any event, one Would then be able to remove non-immediately 
adjacent labelled probes by more stringent Washing condi 
tions that cannot affect the covalently connected labeled and 
?xed probes. 

[0038] The remaining adjacent secondary complexes 
Would be detected by observing the location of the label from 
the labelled probes present Within the complexes. The oligo 
nucleotide probes may be labeled With a chemically-detect 
able label, such as ?uorescent dyes, or adequately modi?ed to 
be detected by a chemiluminescent developing procedure, or 
radioactive labels such as 35S, 3H, 32P or 33P, With 33P cur 
rently being preferred. Probes may also be labeled With non 
radioactive isotopes and detected by mass spectrometry. 

[0039] Currently, the mo st preferred method contemplated 
for practicing the present invention involves performing the 
hybridization steps under conditions designed to alloW only 
those oligonucleotide probes and fragments that have com 
pletely complementary sequences to hybridize and that alloW 
only those probes that are immediately adjacent to remain 
hybridized. This method subsequently requires the least com 
plex computational analysis. 

[0040] Where the nucleic acid molecule of unknoWn 
sequence is longer than about 45 or 50 bp, one effective 
method for determining its sequence generally involves treat 
ing the molecule to generate nucleic acid fragments of inter 
mediate length, and determining sequences from the frag 
ments. The nucleic acid molecule, Whether it be DNA or RNA 
may be fragmented by any one of a variety of methods includ 
ing, for example, cutting by restriction enzyme digestion, 
shearing by physical means such as ultrasound treatment, by 
NaOH treatment or by loW pressure shearing. 

[0041] In certain embodiments, e.g., involving small oligo 
nucleotide probes betWeen about 4 bp and about 9 bp in 
length, one may aim to produce nucleic acid fragments of 
betWeen about 10 bp and about 40 bp in length. Naturally, 
longer length probes Would generally be used in conjunction 
With sequencing longer length nucleic acid fragment, and 
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vice versa. In certain preferred embodiments, the small oli 
gonucleotide probes used Will be about 6 bp in length and the 
nucleic acid fragments to be sequenced Will generally be 
about 20 bp in length. If desired, fragments may be separated 
by size to obtain those of an appropriate length, e.g., frag 
ments may be run on a gel, such as an agarose gel, and those 
With approximately the desired length may be excised. 

[0042] The method for determining the sequence of a 
nucleic acid molecule may also be exempli?ed using the 
folloWing terms. Initially one Would randomly fragment an 
amount of the nucleic acid to be sequenced to provide a 
mixture of nucleic acid fragments of length T. One Would 
prepare an array of immobilized oligonucleotide probes of 
knoWn sequences and length F and a set of labelled oligo 
nucleotide probes in solution of knoWn sequences and length 
P, Wherein F +P§T and, preferably, Wherein T%3F. 

[0043] One Would then contact the array of immobilized 
oligonucleotide probes With the mixture nucleic acid frag 
ments under hybridization conditions effective to alloW the 
formation of primary complexes With hybridized, comple 
mentary sequences of length F and non-hybridized fragment 
sequences of length T—F. Preferably, the hybridized 
sequences of length F Would contain only completely 
complementary sequences. 
[0044] The primary complexes Would then be contacted 
With the set of labelled oligonucleotide probes under hybrid 
ization conditions effective to alloW the formation of second 
ary complexes With hybridized, complementary sequences of 
length F and adjacent hybridized, complementary sequences 
of length P. In preferred embodiments, only those labelled 
probes With completely complementary sequences Would be 
alloWed to hybridize and only those probes that hybridize 
immediately adjacent to an immobilized probe Would be 
alloWed to remain hybridized. In the most preferred embodi 
ments, the adjacent immobilized and labelled oligonucleotide 
probes Would also be ligated at this stage. 
[0045] Next one Would detect the secondary complexes by 
detecting the presence of the label and identify sequences of 
length F +P from the nucleic acid fragments in the secondary 
complexes by combining the knoWn sequences of the hybrid 
ized immobilized and labelled probes. Stretches of the 
sequences of length F +P that overlap Would then be identi 
?ed, thereby alloWing the complete nucleic acid sequence of 
the molecule to be reconstructed or assembled from the over 
lapping sequences determined. 
[0046] In the methods of the invention, the oligonucle 
otides of the ?rst set may be attached to a solid support, i.e. 
immobilized, by any of the methods knoWn to those of skill in 
the art. For example, attachment may be via addressable 
laser-activated photodeprotection (Fodor et al., 1991; Pease 
et al., 1994). One generally preferred method is to attach the 
oligos through the phosphate group using reagents such as 
nucleoside phosphoramidite or nucleoside hydrogen phos 
phorate, as described by Southern & Maskos (PCT Patent 
Application WO 90/03382, incorporated herein by refer 
ence), and using glass, nylon or te?on supports. Another 
preferred method is that of light-generated synthesis 
described by Pease et al. (1994; incorporated herein by ref 
erence). One may also purchase support bound oligonucle 
otide arrays, for example, as have been offered for sale by 
Affymetrix and Beckman. 
[0047] The immobilized oligonucleotides may be formed 
into an array comprising all probes or subsets of probes of a 
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given length (preferably about 4 to 10 bases), and more pref 
erably, into multiple arrays of immobilized oligonucleotides 
arranged to form a so-called “sequencing chip”. One example 
of a chip is that Where hydrophobic segments are used to 
create distinct spatial areas. The sequencing chips may be 
designed for different applications like mapping, partial 
sequencing, sequencing of targeted regions for diagnostic 
purposes, mRNA sequencing and large scale genome 
sequencing. For each application, a speci?c chip may be 
designed With different sized probes or With an incomplete set 
of probes. 

[0048] In one exemplary embodiment, both sets of oligo 
nucleotide probes Would be probes of six bases in length, i.e., 
6-mers. In this instance, each set of oligos contains 4096 
distinct probes. The ?rst set probes is preferably ?xed in an 
array on a microchip, most conveniently arranged in 64 roWs 
and 64 columns. The second set of 4096 oligos Would be 
labeled With a detectable label and dispensed into a set of 
distinct tubes. In this example, 4096 of the chips Would be 
combined in a large array, or several arrays. After hybridizing 
the nucleic acid fragments, a small amount of the labeled 
oligonucleotides Would be added to each microchip for the 
second hybridization step, only one of each of the 4096 nucle 
otides Would be added to each microchip. 

[0049] Further embodiments of the invention include kits 
for use in nucleic acid sequencing. Such kits Will generally 
comprise a solid support having attached an array of oligo 
nucleotide probes of knoWn sequences, as shoWn in FIG. 2A, 
FIG. 2B and FIG. 2C, Wherein the oligonucleotides are 
capable of taking part in hybridization reactions, and a set of 
containers comprising solutions of labelled oligonucleotide 
probes of knoWn sequences. Arrangements such as those 
shoWn in FIG. 4 are also contemplated. This depicts the use of 
the Universal Base, either as an attachment method, or at the 
terminus to give an added dimension to the hybridization of 
fragments. 

[0050] In the kits, the attached oligonucleotide probes and 
those in solution may be betWeen about 4 bp and about 9 bp in 
length, With ones of about 6 bp in length being preferred. The 
oligos may be labelled With chemically-detectable or radio 
active labels, With 32P-labelled probes being generally pre 
ferred, and 33P-labelled probes being even more preferred. 
The kits may also comprise a chemical or other ligating agent, 
such as a DNA ligase enzyme. A variety of other additional 
compositions and materials may be included in the kits, such 
as 96-tip or 96-pin devices, buffers, reagents for cutting long 
nucleic acidmolecules and tools for the size selection of DNA 
fragments. The kits may even include labelled RNA probes so 
that the probes may be removed by RNAase treatment and the 
sequencing chips re-used. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0051] FIG. 1. Basic steps in the hybridization process. 
Step 1: The unlabelled target DNA to be sequenced (T) is 
hybridized under discriminative conditions to an array of 
attached oligonucleotide probes. Spots With probe Fx and Fy 
are depicted. Complementary sequences for Fx and Fy are at 
different positions of T. Step 2: Labeled probes, Pi, (one probe 
per chip) are hybridized to the array. Depicted is a probe that 
has a complementary target on T that is adjacent to the Ex but 
not to the Fy. Step 3: By applying discriminative conditions or 
reagents, complexes With no adjacent probes are selectively 
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melted. A particular example is the ligation of a labelled probe 
to a ?xed probe, When the labelled probe hybridizes “back to 
back” With the attached probe. Positive signals are detected 
only in the case of adjacent probes, like Fx and Pi, and in a 
particular example, only in the case of ligated probes. 

[0052] FIG. 2A, FIG. 2B and FIG. 2C represent compo 
nents of an exemplary sequencing kit. 

[0053] FIG. 2A. Sequencing chips, representing an array of 
4P identical sections each containing identical (or different) 
arrays of oligonucleotides. Sections can be separated by 
physical barriers or by hydrophobic strips. 4,000-l6,000 oli 
gochips are contemplated to be in the array. 

[0054] FIG. 2B is an enlargement of a chip section contain 
ing 4F spots With each With a particular oligonucleotide probe 
(4,000-1 6,000) synthesized or spotted on that area. Spots can 
be as small as several microns and the size of the section is 
about 1 mm to about 10 mm. 

[0055] FIG. 2C represents a set of tubes, or one or more 
multiWell plates, With an appropriate number of Wells (in this 
case 4P Wells). Each Well contains an amount of a speci?c 
labeled oligonucleotide. Additional amounts of the probes 
can be stored unlabeled if the labeling is not done during 
synthesis; in this case a sequencing kit Will contain necessary 
components for probe labeling. The lines that are connecting 
tubes/Wells With chip sections depict a step in the sequencing 
procedure Where an amount of a labeled probe is transferred 
to a chip section. The transferring can be done by pipetting 
(single or multi-channel) or by pin array transferring liquid by 
surface tension. Transferring tools can be also included in the 
sequencing kit. 

[0056] FIG. 3A, FIG. 3B and FIG. 3C. Hybridization of 
DNA fragments produced by a random cutting of an amount 
of a DNA molecule. In FIG. 3A, DNA fragment T1 is such 
that if contains complete targets for both ?xed and non-?xed 
labeled probes. FIG. 3B represents the case Where the DNA 
fragment T is not appropriately cut. In FIG. 3C, there is 
enough space for probe P to hybridize, but the adjacent 
sequence is not complementary to it. In both case B and case 
C, the signal Will be reduced due to saturation of the mol 
ecules of attached probe F. Simultaneous hybridization With 
DNA fragments and labeled probes and cycling of the hybrid 
ization process are some possible Ways to increase the yield of 
correct adjacent hybridizations. 

[0057] FIG. 4. Use of Universal Base as a linker or in the 
terminal position for hybridization. The universal bases (M 
base, Nichols et al., 1994) or all four bases may be added in 
the probe synthesis. This is a Way to increase the length of the 
probes, and thus stability of the duplexes Without increasing 
the number of probes. Also the use of universal bases at the 
free end of probes provides a spacer that alloW the sequence 
to be read in a different frame. 

DETAILED DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 

[0058] Determining the sequences of nucleic acid mol 
ecules is of vital use in all areas of basic and applied biologi 
cal research (Drmanac & Crkvenjakov, 1990). The present 
invention provides neW and e?icient methods for use in 
sequencing and analyzing nucleic acid molecules. One 
intended use for this methodology is, in conjunction With 
other sequencing techniques, for Work on the Human 
Genome Project (HGP). 
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[0059] Presently, two methods of sequencing by hybridiza 
tion, SBH, are known. In the ?rst, Format 1, unknown 
genomic DNAs or oligonucleotides of up to about 100-2000 
nucleotides in length are arrayed on a solid substrate. These 
DNAs are then interrogated by hybridization with a set of 
labeled probes which are generally 6- to 8-mers. In the inverse 
technique, Format 2, oligomers of 6 to 8 nucleotides are 
immobilized on a solid support and allowed to anneal to 
pieces of cloned and labeled DNA. 

[0060] In either type of SBH analysis, many steps must be 
included in order to arrive at a de?nitive sequence. Particular 
problems of current SBH methods are those associated with 
the synthesis of large numbers of probes and the dif?culties of 
effective discriminative hybridization. Full match-mismatch 
discrimination is dif?cult due to two main reasons. Firstly, the 
end mismatch of probes longer than 10 bases is very undis 
criminative, and secondly, the complex mixture of labeled 
DNA segments that result when analyzing a long DNA frag 
ment generates a high background. 

[0061] The present invention provides effective discrimi 
native hybridization without large numbers of probes or 
probes of increased length, and also eliminates many of the 
labeling and cloning steps which are particular disadvantages 
of each of the known SBH methods. The disclosed highly 
e?icient nucleic acid sequencing methods, termed Format 3 
sequencing, are based upon hybridization with two sets of 
small oligonucleotide probes of known sequences, and thus at 
least double the length of sequence that can be determined. 
These methods allow extremely large nucleic acid molecules, 
including chromosomes, to be sequenced and solve various 
other SBH problems such as, for example, the attachment or 
labelling of many nucleic acid fragments. The invention is 
extremely powerful as it may also be used to sequence RNA 
and even unampli?ed RNA samples. 

[0062] Subsequent to the present invention, as disclosed in 
Us. Ser. No. 08/127,402 and in Drrnanac (1994), another 
variation of SBH was described termed positional SBH 
(PSBH) (Broude et al., 1994). PSBH is basically a variant of 
Format 2 SBH (in which oligonucleotides of known 
sequences are immobilized and used to hybridize to nucleic 
acids of unknown sequence that have been previously 
labelled). In PSBH, the immobilized probes, rather thanbeing 
simple, single-stranded probes, are duplexes that contain 
single stranded 3' overhangs. Biotinylated duplex probes are 
immobilized on streptavidin-coated magnetic beads, to form 
a type of immobilized probe, and then mixed with 32P-labeled 
target nucleic acids to be sequenced. T4 DNA ligase is then 
added to li gate any hybridized target DNA to the shorter end 
of the duplex probe. 

[0063] However, despite representing an interesting 
approach, PSBH (as reported by Broude et al., 1994) does not 
re?ect a signi?cant advance over the existing SBH technol 
ogy. For example, unlike the Format 3 methodology of the 
present invention, PSBH does not extend the length of 
sequence that can be determined in one round of the method. 
PSBH also maintains the burdensome requirement for label 
ling the unknown target DNA, which is not required for 
Format 3. In general, PSBH is proposed for use in compara 
tive studies or in mapping, rather than in de novo genome 
sequencing. It thus differs signi?cantly from Format 3 which, 
although widely applicable to all areas of sequencing, is a 
very powerful tool for use in sequencing even the largest of 
genomes. 
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[0064] The nucleic acids to be sequenced may ?rst be frag 
mented. This may be achieved by any means including, for 
example, cutting by restriction enzyme digestion, particularly 
with Cvi II as described by Fitzgerald et al. (1992); shearing 
by physical means such as ultrasound treatment; by NaOH 
treatment, and the like. If desired, fragments of an appropriate 
length, such as between about 10 bp and about 40 bp may be 
cut out of a gel. The complete nucleic acid sequence of the 
original molecule, such as a human chromosome, would be 
determined by de?ning F + P sequences present in the original 
molecule and assembling portions of overlapping F +P 
sequences. This does not, therefore, require an intermediate 
step of determining fragment sequences, rather, the sequence 
of the whole molecule is constructed from F+P sequences 
delineated. 

[0065] For the purposes of the following discussion, it will 
be generally assumed that four bases make up the sequences 
of the nucleic acids to be sequenced. These are A, G, C and T 
for DNA and A, G, C and U for RNA. However, it may be 
advantageous in certain embodiments to use modi?ed bases 
in the small oligonucleotide probes. To carry out the inven 
tion, one would generally ?rst prepare a number of small 
oligonucleotide probes of de?ned length that cover all com 
binations of sequences for that length of probe. This number 
is represented by 4N (4 to the power N) where the length of the 
probe is termed N. For example, there are 4096 possible 
sequences for a 6-mer probe (46:4096). 

[0066] One set of such probes of length F (4F) would be 
?xed in a square array on a microchipiwhich may be in the 
range of 1 mm2 or 1 cm2. In the present example, these would 
be arranged in 64 rows and 64 columns. Naturally, one would 
ensure that the oligo probes were attached, or otherwise 
immobilized, to the microchip surface so that were able to 
take part in hybridization reactions. Another set of oligos of 
length P, 4P in number, would be also synthesized. The oligos 
in this “P set” would be labeled with a detectable label and 
would be dispensed into a set of tubes (FIG. 2A, FIG. 2B and 
FIG. 2C). 

[0067] 4P of the chips would be combined in a large array 
(or several arrays of approximately 10-100 cm2, for a conve 
nient size); where P corresponds to the length of oligonucle 
otides in the second oligomer set (FIG. 2A, FIG. 2B and FIG. 
2C). Again, as a convenient example, P is chosen to be six 
(P I 6). 

[0068] The nucleic acids to be sequenced would be frag 
mented to give smaller nucleic acid fragments of unknown 
sequence. The average length of these fragments, termed T, 
should generally be greater than the combined length of F and 
P and may be about three times the length ofF (i.e., F +P§T 
and T%3F). In the present example, one would aim to pro 
duce nucleic acid fragments of approximately 20 base pairs in 
length. These fragments would be denatured and added to the 
large arrays under conditions that facilitate hybridization of 
complementary sequences. 

[0069] In the simplest and currently preferred form of the 
invention, hybridization conditions would be chosen that 
would allow signi?cant hybridization to occur only if 6 
sequential nucleotides in a nucleic acid fragment were 
complementary to all 6 nucleotides of an F oligonucleotide 
probe. Such hybridization conditions would be determined by 
routine optimization pilot studies in which conditions such as 
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the temperature, the concentration of various components, 
the length of time of the steps, and the buffers used, including 
the pH of the buffer. 

[0070] At this stage, each microchip Would contain certain 
hybridized complexes. These Would be in the form of probe 
:fragment complexes in Which the entire sequence of the 
probe is hybridized to the fragment, but in Which the frag 
ment, being longer, has some non-hybridized sequences that 
form a “tail” or “tails” to the complex. In this example, the 
complementary hybridized sequences Would be of length F 
and the non-hybridized sequences Would total T —F in length. 
The complementary portion of the fragment may be at or 
toWards an appropriate end, so that a single longer non-hy 
bridized tail is formed. Alternatively, the complementary por 
tion of the fragment may be toWards the opposite end, so that 
tWo-non-hybridized tails are formed (FIG. 3A, FIG. 3B and 
FIG. 3C). 

[0071] After Washing to remove the non-complementary 
nucleic acid fragments that did not hybridize, a small amount 
of the labeled oligonucleotides in set P Would be added to 
each microchip for hybridization to the nucleic acid fragment 
tails of unknoWn sequence that protrude from the probezfrag 
ment complexes. Only one of each of the 4P nucleotides 
Would be added to each microchip. Again, it is currently 
preferred to use hybridization conditions that Would alloW 
signi?cant binding to occur only if all the 6 nucleotides of a 
labelled probe Were complementary to 6 sequential nucle 
otides of a nucleic acid fragment tail. The hybridization con 
ditions Would be determined by pilot studies, as described 
above, in Which components such as the temperature, con 
centration, time, buffers and the like, are optimized. 

[0072] At this stage, each microchip Would then contain 
certain ‘ secondary hybridized complexes’. These Would be in 
the form of probezfragmentzprobe complexes in Which the 
entire sequence of each probe is hybridized to the fragment, 
and in Which the fragment likely has some non-hybridized 
sequences. In these secondary hybridized complexes the 
immobilized probe and the labelled probe may be hybridized 
to the fragment so that the tWo probes are immediately adja 
cent or “back to back”. HoWever, given that the fragments Will 
generally be longer than the sum of the lengths of the probes, 
the immobilized probe and the labelled probe may be hybrid 
ized to the fragment in non-adjacent positions separated by 
one or more bases. 

[0073] The large arrays Would then be treated by a process 
to remove the non-hybridized labelled probes. In preferred 
embodiments, the process employed Would remove not only 
the non-hybridized labelled probes, but also the non-adja 
cently-hybridized labelled probes from the array. The process 
Would employ discriminating conditions to alloW those sec 
ondary hybridization complexes that include adjacent immo 
bilized and labelled probes to be discriminating from those 
secondary hybridization complexes in Which the nucleic acid 
fragment is hybridized to tWo probes but Which probes are not 
adjacent. This is an important aspect of the invention in that it 
Will alloW the ultimate delineation of a section of fragment 
sequence corresponding to the combined sequences of the 
immobilized probe and the labelled probe. 

[0074] The discrimination process employed to remove 
non-hybridized and non-adjacently-hybridized probes from 
the array Whilst leaving the adjacently-hybridized probes 
attached may again be a controlled Washing process. The 
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adj acently-hybridized probes Would be unaffected by the 
chosen conditions by virtue of their increased stability due to 
the stacking reactions of the adjacent nucleotides. HoWever, 
in preferred embodiments, it is contemplated that one Would 
treat the large arrays so that any adjacent probes Would be 
covalently joined, e.g., by treating With a solution containing 
a chemical ligating agent or, more preferably, a ligase 
enzyme, such as T4 DNA ligase (Landegren et al. 1988; Wu & 
Wallace, 1989). 
[0075] In any event, the complete array Would be subjected 
to stringent Washing so that the only label left associated With 
the array Would be in the form of double-stranded probe 
fragment-probe complexes With adjacent hybridized portions 
of length F+P (i.e., 12 nucleotides in the present example). 
Using this tWo step hybridization reaction, very high dis 
crimination is possible because three or four independent 
discriminative processes are taken into account: discrimina 
tive hybridization of fragment T to F bases long probe; dis 
criminative hybridization of P bases long probe to fragment T; 
discriminative stability of full match (F +T+P) hybrid in 
comparison to P hybrids or even to mismatched hybrids con 
taining non-adj acent F + P probes; and discriminative ligation 
ofthe tWo end bases ofF and P. 

[0076] One Would then detect the so-called adjacent sec 
ondary complexes by observing the location of the remaining 
label on the array. From the position of the label, F +P (e. g., 
12) nucleotide long sequences from the fragment could be 
determined by combining the knoWn sequences of the immo 
bilized and labelled probes. The complete nucleic acid 
sequence of the original molecule, such as a human chromo 
some, could then be reconstructed or assembled from the 
overlapping F +P sequences thus determined. 

[0077] When ligation is employed in the sequencing pro 
cess, as is currently preferred, then the ordinary oligonucle 
otides chip cannot be reused. The inventor contemplates that 
this Will not be limiting as various methods are available for 
recycling. For example, one may generate a speci?cally 
cleavable bond betWeen the probes and then cleave the bond 
after detection. Alternatively, one may employ ribonucle 
otides for the second probe, probe P, or use a ribonucleotide 
for the joining base in probe P, so that this probe may subse 
quently be removed by RNAase or uracil-DNA glycosylate 
treatment (Craig et al., 1989). Other contemplated methods 
are to establish bonds by chemical ligation Which can be 
selectively cut (Dolinnaya et al., 1988). 

[0078] Further variations and improvements to this 
sequencing methodology are also contemplated and fall 
Within the scope of the present invention. This includes the 
use of modi?ed oligonucleotides to increase the speci?city or 
ef?ciency of the methods, similar to that described by 
Hoheisel & Lehrach (1990). Cycling hybridizations can also 
be employed to increase the hybridization signal, as is used in 
PCR technology. In these cases, one Would use cycles With 
different temperatures to re-hybridize certain probes. The 
invention also provides for determining shifts in reading 
frames by using equimolar amounts of probes that have a 
different base at the endposition. For example, using equimo 
lar 7-mers in Which the ?rst six bases are the same de?ned 
sequence and the last position may be A, T, C or G in the 
alternative. 

[0079] The folloWing examples are included to demon 
strate preferred embodiments of the invention. It should be 
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appreciated by those of skill in the art that the techniques 
disclosed in the examples that folloW represent techniques 
discovered by the inventor to function Well in the practice of 
the invention, and thus can be considered to constitute pre 
ferred modes for its practice. However, those of skill in the art 
should, in light of the present disclosure, appreciate that many 
changes can be made in the speci?c embodiments that are 
disclosed and still obtain a like or similar result Without 
departing from the spirit and scope of the invention. 

Example I 

Preparation of Support Bound Oligonucleotides 

[0080] Oligonucleotides, i.e., small nucleic acid segments, 
may be readily prepared by, for example, directly synthesiz 
ing the oligonucleotide by chemical means, as is commonly 
practiced using an automated oligonucleotide synthesizer. 

[0081] Support bound oligonucleotides may be prepared 
by any of the methods knoWn to those of skill in the art using 
any suitable support such as glass, polystyrene or te?on. One 
strategy is to precisely spot oligonucleotides synthesized by 
standard synthesizers. Immobilization can be achieved using 
passive adsorption (Inouye & Hondo, 1990); using UV light 
(Nagata et al., 1985; Dahlen et al., 1987; Morriey & Collins, 
1989) or by covalent binding of base modi?ed DNA (Keller et 
al., 1988; 1989); all references being speci?cally incorpo 
rated herein. 

[0082] Another strategy that may be employed is the use of 
the strong biotin-streptavidin interaction as a linker. For 
example, Broude et al. (1994) describe the use of biotinylated 
probes, although these are duplex probes, that are immobi 
lized on streptavidin-coated magnetic beads. Streptavidin 
coated beads may be purchased from Dynal, Oslo. Of course, 
this same linking chemistry is applicable to coating any sur 
face With streptavidin. Biotinylated probes may be purchased 
from various sources, such as, e.g., Operon Technologies 
(Alameda, Calif.). 
[0083] Nunc Laboratories (Naperville, Ill.) is also selling 
suitable material that could be used. Nunc Laboratories have 
developed a method by Which DNA can be covalently bound 
to the microWell surface termed CovaLink NH. CovaLink NH 
is a polystyrene surface grafted With secondary amino groups 
(>NH) that serve as bridge-heads for further covalent cou 
pling. CovaLink Modules may be purchased from Nunc 
Laboratories. DNA molecules may be bound to CovaLink 
exclusively at the 5'-end by a phosphoramidate bond, alloW 
ing immobilization of more than 1 pmol of DNA (Rasmussen 
et al., 1991). 

[0084] The use of CovaLink NH strips for covalent binding 
of DNA molecules at the 5'-end has been described (Rasmus 
sen et al., 1991). In this technology, a phosphoramidate bond 
is employed (Chu et al., 1983). This is bene?cial as immobi 
lization using only a single covalent bond is preferred. The 
phosphoramidate bond joins the DNA to the CovaLink NH 
secondary amino groups that are positioned at the end of 
spacer arms covalently grafted onto the polystyrene surface 
through a 2 nm long spacer arm. To link an oligonucleotide to 
CovaLink NH via an phosphoramidate bond, the oligonucle 
otide terminus must have a 5'-end phosphate group. It is, 
perhaps, even possible for biotin to be covalently bound to 
CovaLink and then streptavidin used to bind the probes. 
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[0085] More speci?cally, the linkage method includes dis 
solving DNA in Water (7.5 ng/ul) and denaturing for 10 min. 
at 95° C. and cooling on ice for 10 min. Ice-cold 0.1 M 
1-methylimidazole, pH 7.0 (1 -MeIm7), is then added to a ?nal 
concentration of 10 mM 1-MeIm7. A ss DNA solution is then 
dispensed into CovaLink NH strips (75 ul/Well) standing on 
1ce. 

[0086] Carbodiimide 0.2 M 1-ethyl-3-(3-dimethylamino 
propyl)-carbodiimide (EDC), dissolved in 10 mM 1-MeIm7, 
is made fresh and 25 pl added per Well. The strips are incu 
bated for 5 hours at 50° C. After incubation the strips are 
Washed using, e.g., Nunc-Immuno Wash; ?rst the Wells are 
Washed 3 times, then they are soaked With Washing solution 
for 5 min., and ?nally they are Washed 3 times (Wherein he 
Washing solution is 0.4 N NaOH, 0.25% SDS heated to 50° 
C.). 
[0087] It is contemplated that a further suitable method for 
use With the present invention is that described in PCT Patent 
Application WO 90/03382 (Southern & Maskos), incorpo 
rated herein by reference. This method of preparing an oligo 
nucleotide bound to a support involves attaching a nucleoside 
3'-reagent through the phosphate group by a covalent phos 
phodiester link to aliphatic hydroxyl groups carried by the 
support. The oligonucleotide is then synthesized on the sup 
ported nucleoside and protecting groups removed from the 
synthetic oligonucleotide chain under standard conditions 
that do not cleave the oligonucleotide from the support. Suit 
able reagents include nucleoside phosphoramidite and 
nucleoside hydrogen phosphorate. 

[0088] In more detail, to use this method, a support, such as 
a glass plate, is derivatized by contact With a mixture of 
xylene, glycidoxypropyltrimethoxysilane, and a trace of 
diisopropylethylamine at 90° C. ovemight. It is then Washed 
thoroughly With methanol, ether and air-dried. The deriva 
tized support is then heated With stirring in hexaethylenegly 
col containing a catalytic amount of concentrated sulfuric 
acid, overnight in an atmosphere of argon, at 80° C., to yield 
an alkyl hydroxyl derivatized support. After Washing With 
methanol and ether, the support is dried under vacuum and 
stored under argon at —20° C. 

[0089] Oligonucleotide synthesis is then performed by 
hand under standard conditions using the derivatized glass 
plate as a solid support. The ?rst nucleotide Will be a 3'-hy 
dro gen phosphate, used in the form of the triethylammonium 
salt. This methodresults in support bound oligonucleotides of 
high purity. 

[0090] An on-chip strategy for the preparation of DNA 
probe arrays may be employed. For example, addressable 
laser-activated photodeprotection may be employed in the 
chemical synthesis of oligonucleotides directly on a glass 
surface, as described by Fodor et al. (1991), incorporated 
herein by reference. Probes may also be immobilized on 
nylon supports as described by Van Ness et al. (1991); or 
linked to te?on using the method of Duncan & Cavalier 
(1988); all references being speci?cally incorporated herein. 

[0091] Fodor et al. (1991) describe the light-directed syn 
thesis of dinucleotides Which is applicable to the spatially 
directed synthesis of complex compounds for use in the 
microfabrication of devices. This is based upon a method that 
uses light to direct the simultaneous synthesis of chemical 
compounds on a solid support. The pattern of exposure to 



US 2008/0108074 A1 

light or other forms of energy through a mask, or by other 
spatially addressable means, determines Which regions of the 
support are activated for chemical coupling. Activation by 
light results from the removal of photolabile protecting 
groups from selected areas. After deprotection, a ?rst com 
pound bearing a photolabile protecting group is exposed to 
the entire surface, but reaction occurs only With regions that 
Were addressed by light in the preceding step. The substrate is 
then illuminated through a second mask, Which activates a 
different region for reaction With a second protected building 
block. The pattern of masks used in these illuminations and 
the sequence of reactants de?ne the ultimate products and 
their locations. A high degree of miniaturization is possible 
With the Fodor method because the density of synthesis sites 
is bounded only by physical limitations on spatial address 
ability, i.e., the diffraction of light. Each compound is acces 
sible and its position is precisely knoWn. hence, an oligo chip 
made in this Way Would be ready for use in SBH. 

[0092] Fodor et al. (1991) describes the light-activated for 
mation of a dinucleotide as folloWs. 5'-Nitroveratryl thymi 
dine Was synthesized from the 3'-O-thymidine acetate. After 
deprotection With base, the 5'-nitroveratryl thymidine Was 
attached to an aminated substrate through a linkage to the 
3'-hydroxyl group. The nitrovertryl protecting groups Were 
removed by illumination through a 500-um checkerboard 
mask. The substrate Was then treated With pho sphoramidite 
activated 2'-deoxycytidine. In order to folloW the reaction 
?uorometrically, the deoxycytidine had been modi?ed With 
an FMOC-protected aminohexyl linker attached to the exo 
cyclic amine. After removal of the FMOC protecting group 
With base, the regions that contained the dinucleotide Were 
?uorescently labeled by treatment of the substrate With FITC. 
Therefore, folloWing this method, support bound-oligonucle 
otides can be synthesized. 

[0093] To link an oligonucleotide to a nylon support, as 
described by Van Ness et al. (1991), requires activation of the 
nylon surface via alkylation and selective activation of the 
5'-amine of oligonucleotides With cyanuric chloride, as fol 
loWs. A nylon surface is ethylated using triethyloxonium 
tetra?uoroborate to form amine reactive imidate esters on the 
surface of the nylon 1-methyl-2-pyrrolidone is used as a sol 
vent. The nylon surface is unpolished to effect the greatest 
possible surface area. 

[0094] The activated surface is then reacted With poly(eth 
yleneimine) (Mr~10K-70K) to form a polymer coating that 
provides an extended amine surface for the attachment of 
oligos.Amine-tailed oligonucleotide(s) selectively react With 
excess cyanuric chloride, exclusively on the amine tail, to 
give a 4,6-dichloro-1,3,5-triazinyl-oligonucleotide(s) in 
quantitative yield. The displacement of one chlorine moiety 
of cyanuric chloride by the amino group signi?cantly dimin 
ishes the reactivity of the remaining chlorine groups. This 
results in increased hydrolytic stability of the 4,6-dichloro-1, 
3,5-triazinyl-oligonucleotide(s) are stable for extended peri 
ods in buffered aqueous solutions (pH 8.3, 40 C., 1 Week) and 
are readily isolated and puri?ed by size elusion chromatog 
raphy or ultra?ltration. 

[0095] The reaction is speci?c for the amine tail With no 
apparent reaction on the nucleotide moieties. The PEI-coated 
nylon surface is then reacted With the cyanuric chloride acti 
vated oligonucleotide. High concentrations of the ‘capture’ 
sequence are readily immobilized on the surface and the 
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unreacted amines are capped With succinic anhydride in the 
?nal step of the derivatization process. 

[0096] One particular Way to prepare support bound oligo 
nucleotides is to utilize the light-generated synthesis 
described by Pease et al. (1994, incorporated herein by ref 
erence). These authors used current photolithographic tech 
niques to generate arrays of immobilized oligonucleotide 
probes (DNA chips). These methods, in Which light is used to 
direct the synthesis of oligonucleotide probes in high-density, 
miniaturized arrays, utilize photolabile 5'-protected N-acyl 
deoxynucleoside pho sphoramidites, surface linker chemistry 
and versatile combinatorial synthesis strategies. A matrix of 
256 spatially de?ned oligonucleotide probes may be gener 
ated in this manner and then used in the advantageous Format 
3 sequencing, as described herein. 

[0097] Pease et al. (1994) presented a strategy suitable for 
use in light-directed oligonucleotide synthesis. In this 
method, the surface of a solid support modi?ed With photo 
labile protecting groups is illuminated through a photolitho 
graphic mask, yielding reactive hydroxyl groups in the illu 
minated regions. A 3'O-phosphoramidite-activated 
deoxynucleoside (protected at the 5'-hydroxyl With a photo 
labile group) is then presented to the surface and coupling 
occurs at sites that Were exposed to light. Following capping, 
and oxidation, the substrate is rinsed and the surface is illu 
minated through a second mask, to expose additional 
hydroxyl groups for coupling. A second 5'-protected, 3'0 
phosphoramidite-activated deoxynucleoside is presented to 
the surface. The selective photodeprotection and coupling 
cycles are repeated until the desired set of products is 
obtained. Since photolithography is used, the process can be 
miniaturized to generate high-density arrays of oligonucle 
otide probes, the sequence of Which is knoWn at each site. 

[0098] The synthetic pathWay for preparing the necessary 
5'O-(or-methyl-6-nitropiperonyloxycabonyl)-N-acyl-2' 
deoxynucleoside phosphoramidites (MeNPoc-N-acyl-2' 
deoxynucleoside phosphoramidites) involves, in the ?rst 
step, an N-acyl-2'-deoxynucleoside that reacts With 1-(2-ni 
tro -4 , 5 -methylenedioxyphenyl)ethyl -1 -chloroformate to 
yield 5'-MeNPoc-N-acyl-2'-deoxynucleoside. In the second 
step, the 3'-hydroxyl reacts With 2-cyanoethyl N,N'-diisopro 
pylchlorophosphoramidite, using standard procedures, to 
yield the 5'-MeNPoc-N-acyl-2'-deoxynucleoside-3'-O-(2 
cyanoethyl-N-N-diisopropyl)phosphoramidites. The photo 
protecting group is stable under ordinary phosphoramidite 
synthesis conditions and can be removed With aqueous base. 
These reagents can be stored for long periods under argon at 
40 C. 

[0099] Photolysis half-times of28 s, 31 s, 27 s, and 18 s for 
MeNPoc-dT, MeNPoc-dCib“, MeNPoc-dGPAC, and MeN 
Poc-dAPAC respectively, have been reported (Pease et al., 
1994). In lithographic synthesis, illumination times of 4.5 
min (9 ><tl /2MeNPoc-dC) are therefore recommended to 
ensure >99% removal of MeNPoc protecting groups. 

[0100] A suitable synthetic support is one consisting of a 
5.1 X7.6 cm glass substrate prepared by cleaning in concen 
trated NaOH, folloWed by exhaustive rinsing in Water. The 
surfaces Would then be derivatized for 2 hr With a solution of 
10% (vol/ vol) bis(2-hydroxyethyl)aminopropyltri 
ethoxysilane (Petrarch Chemicals, Bristol, Pa.) in 95% etha 
nol, rinsed thoroughly With ethanol and ether, dried in vacuo 
at 400 C., and heated at 1000 C. for 15 min. In such studies, a 
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synthesis linker Would be attached by reacting derivatiZed 
substrates With 4,4'-dimethoxytrityl (DMT)-hexaethyloxy 
O-cyanoethyl pho sphoramidite. 
[0101] In summary, to initiate the synthesis of an oligo 
nucleotide probe, the appropriate deoxynucleoside phos 
phoramidite derivative Would be attached to a synthetic sup 
port through a linker. Regions of the support are then activated 
for synthesis by illumination through, e.g., 800>< 12800 um 
apertures of a photolithographic mask. Additional phos 
phoramidite synthesis cycles may be performed (With DMT 
protected deoxynucleosides) to generate any required 
sequence, such as any 4-, 5-, 6-, 7-, 8-, 9- or even l0-mer 
sequence. FolloWing removal of the phosphate and exocyclic 
amine protecting groups With concentrated NH4OH for 4 hr, 
the substrate may then be mounted in a Water-j acketed ther 
mostatically controlled hybridization chamber, ready for use. 

[0102] Of course, one could easily purchase a DNA chip, 
such as one of the light-activated chips described above, from 
a commercial source. In this regard, one may contactAffyme 
trix of Santa Clara, Calif. 95051, and Beckman. 

Example II 

Modi?ed Oligonucleotides for Use in Probes 

[0103] Modi?ed oligonucleotides may be used throughout 
the procedures of the present invention to increase the speci 
?city or e?iciency of hybridization. A Way to achieve this is 
the substitution of natural nucleotides by base modi?cation. 
For example, pyrimidines With a halogen at the C5-position 
may be used. This is believed to improve duplex stability by 
in?uencing base stacking. 2,6-diaminopurine may also be 
used to give a third hydrogen bond in its base pairing With 
thymine, thereby thermally stabiliZing DNA-duplexes. Using 
2,6-diaminopurine is reported to lead to a considerable 
improvement in the duplex stability of short oligomers. Its 
incorporation is proposed to alloW more stringent conditions 
for primer annealing, thereby improving the speci?city of the 
duplex formation and suppressing background problems or 
the use of shorter oligomers. 

[0104] The synthesis of the triphosphate versions of these 
modi?ed nucleotides is disclosed by Hoheisel & Lehrach 
(1990, incorporated herein by reference). Brie?y, 5-Chloro 
2'-deoxyuridine and 2,6-diaminopurine 2'-deoxynucleoside 
are purchased, e.g., from Sigma. Phosphorylation is carried 
out as folloWs: 50 mg dry 2-NH2-dAdo is taken up in 500 pl 
dry triethyl phosphate stirring under argon. 25 ul POCl3 is 
added and the mixture incubated at — 200 C. In the meantime, 
1 mmol pyrophosphoric acid is dissolved in 0.95 ml tri-n 
butylamine and 2 ml methanol and dried in a rotary evapora 
tor. Subsequently it is dried by evaporation tWice from 5 ml 
pyridine, With 70 ul tri-n-butylamine also added before the 
second time. Finally it is dissolved in 2 ml dry dimethyl 
formamide. 

[0105] After 90 min at —20° C., the phosphorylation mix 
ture is evaporated to remove excess POCl3 and the tri-n 
butylammonium pyrophosphate in dimethyl formamide is 
added. Incubation is for 1.5 min at room temperature. The 
reaction is stopped by addition of 5 ml 0.2 M triethylammo 
nium bicarbonate (pH 7.6) and kept on ice for 4 hours. For 
5-Cl-dUrd, the conditions Would be identical, but 50 ul POCl3 
Would be added and the phosphorylation carried out at room 
temperature for 4 hours. 
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[0106] After the hydrolysis, the mixture is evaporated, the 
pH adjusted to 7.5, and extracted With 1 volume diethyl ether. 
Separation of the products is, e.g., on a (2.5 X20 cm) 
Q-Sepharose column using a linear gradient of 0.15 M to 0.8 
M triethylammonium bicarbonate. Stored froZen, the nucle 
otides are stable over long periods of time. 

[0107] One may also use the non-discriminatory base ana 
logue, or universal base, as designed by Nichols et al. (1994). 
This neW analogue, l-(2'-deoxy-B-D-ribofuranosyl)-3-nitro 
pyrrole (designated M), Was generated for use in oligonucle 
otide probes and primers for solving the design problems that 
arise as a result of the degeneracy of the genetic code, or When 
only fragmentary peptide sequence data are available. This 
analogue maximiZes stacking While minimiZing hydro gen 
bonding interactions Without sterically disrupting a DNA 
duplex. 
[0108] The M nucleoside analogue Was designed to maxi 
miZe stacking interactions using aprotic polar substituents 
linked to heteroaromatic rings, enhancing intra- and inter 
strand stacking interactions to lessen the role of hydrogen 
bonding in base-pairing speci?city. Nichols et al. (1994) 
favored 3-nitropyrrole 2'-deoxyribonucleoside because of its 
structural and electronic resemblance to p-nitroaniline, 
Whose derivatives are among the smallest knoWn intercalators 
of double-stranded DNA. 

[0109] The dimethoxytrityl-protected phosphoramidite of 
nucleoside M is also available for incorporation into nucle 
otides used as primers for sequencing and polymerase chain 
reaction (PCR). Nichols et al. (1994) shoWed that a substan 
tial number of nucleotides can be replaced by M Without loss 
of primer speci?city. 

[0110] A unique property of M is its ability to replace long 
strings of contiguous nucleosides and still yield functional 
sequencing primers. Sequences With three, six and nine M 
substitutions have all been reported to give readable sequenc 
ing ladders, and PCR With three different M-containing prim 
ers all resulted in ampli?cation of the correct product 
(Nichols et al., 1994). 
[0111] The ability of 3-nitropyrrole-containing oligonucle 
otides to function as primers strongly suggests that a duplex 
structure must form With complementary strands. Optical 
thermal pro?les obtained for the oligonucleotide pairs d(5' 
C2-T5XT5G2-3') and d(5'-C2A5YA5G2-3') (Where X and Y 
can be A, C, G, T or M) Were reported to ?t the normal 
sigmoidal pattern observed for the DNA double-to-single 
strand transition. The Tm values of the oligonucleotides con 
taining X-M base pairs (Where X Was A, C, G or T, andY Was 
M) Were reported to all fall Within a 30 C. range (Nichols et al., 
1 994). 

Example III 

Preparation of Sequencing Chips and Arrays 

[0112] The present example describes physical embodi 
ments of sequencing chips contemplated by the inventor. 

[0113] A basic example is using 6-mers attached to 50 
micron surfaces to give a chip With dimensions of 3 X3 mm 
Which can be combined to give an array of 20><20 cm. 
Another example is using 9-mer oligonucleotides attached to 
10X 10 microns surface to create a 9-mer chip, With dimen 
sions of 5X5 mm. 4000 units of such chips may be used to 
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create a 30><30 cm array. FIG. 2A, FIG. 2B and FIG. 2C 
illustrate yet another example of an array in Which 4,000 to 
16,000 oligochips are arranged into a square array. A plate, or 
collection of tubes, as also depicted, may be packaged With 
the array as part of the sequencing kit. 

[0114] The arrays may be separated physically from each 
other or by hydrophobic surfaces. One possible Way to utiliZe 
the hydrophobic strip separation is to use technology such as 
the Iso-Grid Microbiology System produced by QA Labora 
tories, Toronto, Canada. 

[0115] Hydrophobic grid membrane ?lters (HGMF) have 
been in use in analytical food microbiology for about a decade 
Where they exhibit unique attractions of extended numerical 
range and automated counting of colonies. One commer 
cially-available grid is ISO-GRIDTM from QA Laboratories 
Ltd. (Toronto, Canada) Which consists of a square (60><60 
cm) of polysulfone polymer (Gelman Tuffryn HT-450, 0.45 p. 
pore siZe) on Which is printed a black hydrophobic ink grid 
consisting of 1600 (40><40) square cells. HGMF have previ 
ously been inoculated With bacterial suspensions by vacuum 
?ltration and incubated on the differential or selective media 
of choice. 

[0116] Because the microbial groWth is con?ned to grid 
cells of knoWn position and siZe on the membrane, the HGMF 
functions more like an MPN apparatus than a conventional 
plate or membrane ?lter. Peterkin et al. (1987) reported that 
these HGMFs can be used to propagate and store genomic 
libraries When used With a HGMF replicator. One such instru 
ment replicates groWth from each of the 1600 cells of the 
ISO-GRID and enables many copies of the master HGMF to 
be made (Peterkin et al., 1987). 

[0117] Sharpe et al. (1989) also used ISO-GRID HGMF 
from QA Laboratories and an automated HGMF counter 
(MI-100 Interpreter) and RP-100 Replicator. They reported a 
technique for maintaining and screening many microbial cul 
tures. 

[01 18] Peterkin and colleagues later described a method for 
screening DNA probes using the hydrophobic grid-mem 
brane ?lter (Peterkin et al., 1989). These authors reported 
methods for effective colony hybridiZation directly on 
HGMFs. Previously, poor results had been obtained due to the 
loW DNA binding capacity of the polysulfone polymer on 
Which the HGMFs are printed. HoWever, Peterkin et al. 
(1989) reported that the binding of DNA to the surface of the 
membrane Was improved by treating the replicated and incu 
bated HGMF With polyethyleneimine, a polycation, prior to 
contact With DNA. Although this early Work uses cellular 
DNA attachment, and has a different objective to the present 
invention, the methodology described may be readily adapted 
for format 3 SBH. 

[0119] In order to identify useful sequences rapidly, Peter 
kin et al. (1989) used radiolabeledplasmid DNA from various 
clones and tested its speci?city against the DNA on the pre 
pared HGMFs. In this Way, DNA from recombinant plasmids 
Was rapidly screened by colony hybridiZation against 100 
organisms on HGMF replicates Which can be easily and 
reproducibly prepared. 

[0120] TWo basic problems have to be solved. Manipula 
tion With small (2-3 mm) chips, and parallel execution of 
thousands of the reactions. The solution of the invention is to 
keep the chips and the probes in the corresponding arrays. In 
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one example, chips containing 250,000 9-mers are synthe 
siZed on a silicon Wafer in the form of 8X8 mM plates (15 
uM/oligonucleotide, Pease et al., 1994) arrayed in 8 X 12 for 
mat (96 chips) With a 1 mM groove in betWeen. Probes are 
added either by multichannel pipet or pin array, one probe on 
one chip. To score all 4000 6-mers, 42 chip arrays have to be 
used, either using different ones, or by reusing one set of chip 
arrays several times. 

[0121] In the above case, using the earlier nomenclature of 
the application, F29; P26; and F+P:15. Chips may have 
probes of formula BxNn, Where x is a number of speci?ed 
bases B; andn is a number ofnon-speci?ed bases, so that x24 
to 10 and n21 to 4. To achieve more ef?cient hybridiZation, 
and to avoid potential in?uence of any support oligonucle 
otides, the speci?ed bases can be surrounded by unspeci?ed 
bases, thus represented by a formula such as (N)nBx(N)m 
(FIG. 4). 

Example IV 

Preparation of Nucleic Acid Fragments 

[0122] The nucleic acids to be sequenced may be obtained 
from any appropriate source, such as cDNAs, genomic DNA, 
chromosomal DNA, microdissected chromosome bands, 
cosmid or YAC inserts, and RNA, including mRNA Without 
any ampli?cation steps. For example, Sambrook et al. (1989) 
describes three protocols for the isolation of high molecular 
Weight DNA from mammalian cells (p. 9.14-9.23). 

[0123] The nucleic acids Would then be fragmented by any 
of the methods knoWn to those of skill in the art including, for 
example, using restriction enZymes as described at 9.24-9.28 
of Sambrook et al. (198.9), shearing by ultrasound and NaOH 
treatment. 

[0124] LoW pressure shearing is also appropriate, as 
described by Schriefer et al. (1990, incorporated herein by 
reference). In this method, DNA samples are passed through 
a small French pressure cell at a variety of loW to intermediate 
pressures. A lever device alloWs controlled application of loW 
to intermediate pressures to the cell. The results of these 
studies indicate that loW-pressure shearing is a useful alter 
native to sonic and enzymatic DNA fragmentation methods. 

[0125] One particularly suitable Way for fragmenting DNA 
is contemplated to be that using the tWo base recognition 
endonuclease, CviJI, described by Fitzgerald et al. (1992). 
These authors described an approach for the rapid fragmen 
tation and fractionation of DNA into particular siZes that they 
contemplated to be suitable for shotgun cloning and sequenc 
ing. The present inventor envisions that this Will also be 
particularly useful for generating random, but relatively 
small, fragments of DNA for use in the present sequencing 
technology. 

[0126] The restriction endonuclease CviJI normally 
cleaves the recognition sequence PuGCPy betWeen the G and 
C to leave blunt ends. Atypical reaction conditions, Which 
alter the speci?city of this enZyme (CviJI**), yield a quasi 
random distribution of DNA fragments from the small mol 
ecule pUC19 (2688 base pairs). FitZgerald et al. (1992) quan 
titatively evaluated the randomness of this fragmentation 
strategy, using a CviJI** digest of pUC19 that Was siZe frac 
tionated by a rapid gel ?ltration method and directly ligated, 
Without end repair, to a lacZ minus M13 cloning vector. 
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Sequence analysis of 76 clones showed that CviJI** restricts 
PyGCPy and PuGCPu, in addition to PuGCPy sites, and that 
neW sequence data is accumulated at a rate consistent With 
random fragmentation. 

[0127] As reported in the literature, advantages of this 
approach compared to sonication and agarose gel fraction 
ation include: smaller amounts of DNA are required (0.2-0.5 
pg instead of 2-5 pg); and feWer steps are involved (no preli 
gation, end repair, chemical extraction, or agarose gel elec 
trophoresis and elution are needed). These advantages are 
also proposed to be of use When preparing DNA for sequenc 
ing by Format 3. 

[0128] Irrespective of the manner in Which the nucleic acid 
fragments are obtained or prepared, it is important to denature 
the DNA to give single stranded pieces available for hybrid 
iZation. This is achieved by incubating the DNA solution for 
2-5 minutes at 80-90° C. The solution is then cooled quickly 
to 20 C. to prevent renaturation of the DNA fragments before 
they are contacted With the chip. Phosphate groups must also 
be removed from genomic DNA, as described in Example VI. 

Example V 

Preparation of Labelled Probes 

[0129] The oligonucleotide probes may be prepared by 
automated synthesis, Which is routine to those of skill in the 
art, for example, using an Applied Biosystems system. Alter 
natively, probes may be prepared using Genosys Biotech 
nologies Inc. methods using stacks of porous Te?on Wafers. 

[0130] Oligonucleotide probes may be labelled With, for 
example, radioactive labels (35 S, 3 2P, 33 P, and preferably, 3 3 P) 
for arrays With 100-200 pm or 100-400 pm spots; non-radio 
active isotopes (Jacobsen et al., 1990); or ?uorophores 
(Brumbaugh et al., 1988). All such labelling methods are 
routine in the art, as exempli?ed by the relevant sections in 
Sambrook et al. (1989) and by further references such as 
Schubert et al. (1990), Murakami et al. (1991) and Cate et al. 
(1991), all articles being speci?cally incorporated herein by 
reference. 

[0131] In regard to radiolabeling, the common methods are 
end-labelling using T4 polynucleotide kinase or high speci?c 
activity labelling using KlenoW or even T7 polymerase. These 
are described as folloWs. 

[0132] Synthetic oligonucleotides are synthesiZed Without 
a phosphate group at their 5' termini and are therefore easily 
labeled by transfer of the y-32P or y-33P from [y-32P]ATP or 
[y-33P]ATP using the enZyme bacteriophage T4 polynucle 
otide kinase. If the reaction is carried out ef?ciently, the 
speci?c activity of such probes can be as high as the speci?c 
activity of the [y-32P]ATP or [y-33P]ATP itself. The reaction 
described beloW is designed to label 10 pmoles of an oligo 
nucleotide to high speci?c activity. Labeling of different 
amounts of oligonucleotide can easily be achieved by increas 
ing or decreasing the siZe of the reaction, keeping the con 
centrations of all components constant. 

[0133] A reaction mixture Would be created using 1.0 pl of 
oligonucleotide (10 pmoles/ pl); 2.0 pl of 10X bacteriophage 
T4 polynucleotide kinase buffer; 5.0 pl of [y-32P]ATP or 
[y-33P]ATP (sp. act. 5000 Ci/mmole; 10 mCi/ml in aqueous 
solution) (10 pmoles); and 11.4 pl of Water. Eight (8) units 
(~1 pl) of bacteriophage T4 polynucleotide kinase is added to 
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the reaction mixture mixed Well, and incubated for 45 min 
utes at 37° C. The reaction is heated for 10 minutes at 68° C. 
to inactivate the bacteriophage T4 polynucleotide kinase. 

[0134] The ef?ciency of transfer of 32P or 3 3 P to the oligo 
nucleotide and its speci?c activity is then determined. If the 
speci?c activity of the probe is acceptable, it is puri?ed. If the 
speci?c activity is too loW, an additional 8 units of enZyme is 
added and incubated for a further 30 minutes at 37° C. before 
heating the reaction for 10 minutes at 68° C. to inactivate the 
enzyme. 

[0135] Puri?cation of radiolabeled oligonucleotides can be 
achieved by precipitation With ethanol; precipitation With 
cetylpyridinium bromide; by chromatography through bio 
gel P-60; or by chromatography on a Sep-Pak C18 column. 

[0136] Probes of higher speci?c activities can be obtained 
using the KlenoW fragment of E. coli. DNA polymerase I to 
synthesiZe a strand of DNA complementary to the synthetic 
oligonucleotide. A short primer is hybridized to an oligo 
nucleotide template Whose sequence is the complement of the 
desired radiolabeled probe. The primer is then extended using 
the KlenoW fragment of E. coli DNA polymerase I to incor 
porate [0L-32P](1NTPS or [or-33P]dNTPs in a template-directed 
manner. After the reaction, the template and product are sepa 
rated by denaturation folloWed by electrophoresis through a 
polyacrylamide gel under denaturing conditions. With this 
method, it is possible to generate oligonucleotide probes that 
contain several radioactive atoms per molecule of oligonucle 
otide, if desired. 

[0137] To use this method, one Would mix in a microfuge 
tube the calculated amounts of [0L-32P](1NTPS or [or-33P] 
dNTPs necessary to achieve the desired speci?c activity and 
suf?cient to alloW complete synthesis of all template strands. 
The concentration of dNTPs should not be less than 1 pM at 
any stage during the reaction. Then add to the tube the appro 
priate amounts of primer and template DNAS, With the primer 
being in three- to tenfold molar excess over the template. 

[0138] 0.1 volume of 10X KlenoW buffer Would then be 
added and mixed Well. 2-4 units of the KlenoW fragment of E. 
coli DNA polymerase I Would then be added per 5 pl of 
reaction volume, mixed and incubated for 2-3 hours at 4° C. 
If desired, the progress of the reaction may be monitored by 
removing small (0.1-pl) aliquots and measuring the propor 
tion of radioactivity that has become precipitable With 10% 
trichloroacetic acid (TCA). 

[0139] The reaction Would be diluted With an equal volume 
of gel-loading buffer, heated to 80° C. for 3 minutes, and then 
the entire sample loaded on a denaturing polyacrylamide gel. 
Following electrophoresis, the gel is autoradiographed, 
alloWing the probe to be localiZed and removed from the gel. 
Various methods for ?uorophobic labelling are also available, 
as folloWs. Brumbaugh et al. (1988) describe the synthesis of 
?uorescently labeled primers. A deoxyuridine analog With a 
primary amine “linker arm” of 12 atoms attached at C-5 is 
synthesiZed. Synthesis of the analog consists of derivatiZing 
2'-deoxyuridine through organometallic intermediates to give 
5'(methyl propenoyl)-2'-deoxyuridine. Reaction With 
dimethoxytrityl-chloride produces the corresponding 
5'-dimethoxytrityl adduct. The methyl ester is hydrolyZed, 
activated, and reacted With an appropriately monoacylated 
alkyl diamine. After puri?cation, the resultant linker arm 
nucleosides are converted to nucleoside analogs suitable for 
chemical oligonucleotide synthesis. 
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[0140] Oligonucleotides Would then be made that include 
one or tWo linker arm bases by using modi?ed phosphoridite 
chemistry. To a solution of 50 nmol of the linker arm oligo 
nucleotide in 25 ul of 500 mM sodium bicarbonate (pH 9.4) is 
added 20 ul of 300 mM FlTC in dimethyl sulfoxide. The 
mixture is agitated at room temperature for 6 hr. The oligo 
nucleotide is separated from free FlTC by elution from a 
1X30 cm Sephadex G-25 column With 20 mM ammonium 
acetate (pH 6), combining fractions in the ?rst UV-absorbing 
peak. 
[0141] In general, ?uorescent labelling of an oligonucle 
otide at it’s 5'-end initially involved tWo steps. First, a N-pro 
tected aminoalkyl pho sphoramidite derivative is added to the 
5'-end of an oligonucleotide during automated DNA synthe 
sis. After removal of all protecting groups, the NHS ester of an 
appropriate ?uorescent dye is coupled to the 5'-amino group 
overnight folloWed by puri?cation of the labelled oligonucle 
otide from the excess of dye using reverse phase HPLC or 
PAGE. 

[0142] Schubert et al. (1990) described the synthesis of a 
phosphoramidite that enables oligonucleotides labeled With 
?uorescein to be produced during automated DNA synthesis. 
Fluorescein methylester is alkylated With 4-chloro(4,4' 
dimethoxytrityl)butanol-1 in the presence of K2CO3 and K1 
in DMF for 17 hrs. After removal of the trityl group With 1% 
TFA in chloroform, the product is phosphitylated by standard 
procedures With bis(diisopropylamino)methoxyphosphine. 
Phosphorylation of the above obtained ?uorescein derivative 
leads an H-phosphonate in reasonable yields. The resulting 
amidite (0.1 M solution in dry acetonitrile) is used for the 
automated synthesis of different primers using B-cyanoethyl 
phosphoramidite chemistry and a DNA synthesiZer. Cleavage 
from the support and deprotection is performed With 25% 
aqueous ammonia for 36 hrs at room temperature. The crude 
product is puri?ed by PAGE and the labelled primer is visible 
as a pale green ?uorescent band at 310 nm. Elution and 
desalting using RP 18 cartridges yields the desired product. 

[0143] The ?uorescent labelling of the 5'-end of a probe in 
the Schubert method is directly achieved during DNA syn 
thesis in the last coupling cycle. Coupling yields are as high as 
With the normal pho sphoramidites. After deprotection and 
removal of ammonia by lyophiliZationusing a speed vac or by 
ethanol precipitation, ?uorescent labelled oligonucleotides 
can be directly used for DNA sequencing in Format 3 SBH. 

[0144] Murakami et al. also described the preparation of 
?uorescein-labeled oligonucleotides. This synthesis is based 
on a polymer-supported phosphoramidite and hydrogen 
phosphonate method. Ethylenediamine or hexamethylenedi 
amine is used as a tether. They Were introduced via a phos 
phoramidate linkage, Which Was formed by oxidation of a 
hydrogen-phosphonate intermediate in CCl4 solution. The 
modi?ed oligonucleotides are subjected to labeling using a 
primary amine orienting reagent, FITC, on the beads. The 
resulting modi?ed oligonucleotide is cleaved from beads and 
subsequently puri?ed by RPLC. 

[0145] Cate et al. (1991) describe the use of oligonucleotide 
probes directly conjugated to alkaline phosphatase in combi 
nation With a direct chemiluminescent substrate (AMPPD) to 
alloW probe detection. Alkaline phosphatase may be 
covalently coupled to a modi?ed base of the oligonucleotide. 
After hybridiZation, the oligo Would be incubated With 
AMPDD. The alkaline phosphatase enZyme breaks AMPDD 
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to yield a compound that produces ?uorescence Without exci 
tation, i.e., a laser is not needed. It is contemplated that a 
strong signal can be generated using such technology. 

[0146] Labelled probes could readily be purchased from a 
variety of commercial sources, including GENSET, rather 
than synthesiZed. 

Example VI 

Removal of Phosphate Groups 

[0147] Both bacterial alkaline phosphatase (BAP) and calf 
intestinal alkaline phosphatase (ClP) catalyZe the removal of 
5'-phosphate residues from DNA and RNA. They are there 
fore appropriate for removing 5' phosphates from DNA and/ 
or RNA to prevent ligation and inappropriate hybridiZation. 
Phosphate removal, as described by Sambrook et al. (1989), 
Would be performed after cutting, or otherWise shearing, the 
genomic DNA. 

[0148] BAP is the more active of the tWo alkaline phos 
phatases, but it is also far more resistant to heat and deter 
gents. It is therefore dif?cult to inhibit BAP completely at the 
end of dephosphorylation reactions. Proteinase K is used to 
digest CIP, Which must be completely removed if subsequent 
ligations are to Work e?iciently. An alternative method is to 
inactivate the CIP by heating to 65° C. for 1 hour (or 750 C. for 
10 minutes) in the presence of 5 mM EDTA (pH 8.0) and then 
to purify the depho sphorylated DNA by extraction With phe 
nolzchloroform. 

Example VII 

Conducting Sequencing by TWo Step HybridiZation 

[0149] Following are certain examples to describe the 
execution of the sequencing methodology contemplated by 
the inventor. First, the Whole chip Would be hybridized With 
mixture of DNA as complex as 100 million of bp (one human 
chromosome). Guidelines for conducting hybridiZation can 
be found in papers such as Drmanac et al. (1990); Khrapko et 
al. (1991); and Broude et al. (1994). These articles teach the 
ranges of hybridiZation temperatures, buffers and Washing 
steps that are appropriate for use in the initial step of Format 
3 SBH. 

[0150] The present inventor particularly contemplates that 
hybridiZation is to be carried out for up to several hours in 
high salt concentrations at a loW temperature (—2° C. to 50 C.) 
because of a relatively loW concentration of target DNA that 
can be provided. For this purpose, SSC buffer is used instead 
of sodium phosphate buffer (Drmanac et al., 1990), Which 
precipitates at 10° C. Washing does not have to be extensive (a 
feW minutes) because of the second step, and can be com 
pletely eliminated When the hybridiZation cycling is used for 
the sequencing of highly complex DNA samples. The same 
buffer is used for hybridization and Washing steps to be able 
to continue With the second hybridiZation step With labeled 
probes. 
[0151] After proper Washing using a simple robotic device 
on each array, e.g., a 8X8 mm array (Example 111), one 
labeled, probe, e.g., a 6-mer, Would be added. A 96-tip or 
96-pin device Would be used, performing this in 42 opera 
tions. Again, a range of discriminatory conditions could be 
employed, as previously described in the scienti?c literature. 
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[0152] The present inventor particularly contemplates the 
use of the following conditions. First, after adding labeled 
probes and incubating for several minutes only (because of 
the high concentration of added oligonucleotides) at a loW 
temperature (0-5o C.), the temperature is increased to 3-100 
C., depending on F+P length, and the Washing buffer is 
added. At this time, the Washing bufferused is one compatible 
With any ligation reaction (e.g., 100 mM salt concentration 
range). After adding ligase, the temperature is increased again 
to 15-370 C. to alloW fast ligation (less than 30 min) and 
further discrimination of full match and mismatch hybrids. 

[0153] The use of cationic detergents is also contemplated 
for use in Format 3 SBH, as described by Pontius & Berg 
(1991, incorporated herein by reference). These authors 
describe the use of tWo simple cationic detergents, dedecyl 
and cetyltrimethylammonium bromide (DTAB and CTAB) in 
DNA renaturation. 

[0154] DTAB and CTAB are variants of the quaternary 
amine tetramethylammonium bromide (TMAB) in Which one 
of the methyl groups is replaced by either a 12-carbon 
(DTAB) or a 16-carbon (CTAB) alkyl group. TMAB is the 
bromide salt of the tetramethylammonium ion, a reagent used 
in nucleic acid renaturation experiments to decrease the G-C 
content bias of the melting temperature. DTAB and CTAB are 
similar in structure to sodium dodecyl sulfate (SDS), With the 
replacement of the negatively charged sulfate of SDS by a 
positively charged quaternary amine. While SDS is com 
monly used in hybridiZation buffers to reduce nonspeci?c 
binding and inhibit nucleases, it does not greatly affect the 
rate of renaturation. 

[0155] When using a ligation process, the enZyme could be 
added With the labeled probes or after the proper Washing step 
to reduce the background. 

[0156] Although not previously proposed for use in any 
SBH method, ligase technology is Well established Within the 
?eld of molecularbiology. For example, Hood and colleagues 
described a ligase-mediated gene detection technique 
(Landegren et al., 1988), the methodology of Which can be 
readily adapted for use in Format 3 SBH. 

[0157] Landegren et al. describe an assay for the presence 
of given DNA sequences based on the ability of tWo oligo 
nucleotides to anneal immediately adjacent to each other on a 
complementary target DNA molecule. The tWo oligonucle 
otides are then joined covalently by the action of a DNA 
ligase, provided that the nucleotides at the junction are cor 
rectly base-paired. Although not previously contemplated, 
this situation noW arises in Format 3 sequencing. Wu & Wal 
lace also describe the use of bacteriophage T4 DNA ligase to 
join tWo adjacent, short synthetic oligonucleotides. Their 
oligo ligation reactions Were carried out in 50 mM Tris HCl 
pH 7.6, 10 mM MgCl2, 1 mM ATP, 1 mM DTT, and 5% PEG. 
Ligation reactions Were heated to 1000 C. for 5-10 min fol 
loWed by cooling to 0° C. prior to the addition of T4 DNA 
ligase (1 unit; Bethesda Research Laboratory). Most ligation 
reactions Were carried out at 300 C. and terminated by heating 
to 1000 C. for 5 min. 

[0158] Final Washing appropriate for discriminating detec 
tion of hybridiZed adjacent, or ligated, oligonucleotides of 
length (F + P), is then performed. This Washing step is done in 
Water for several minutes at 40-600 C. to Wash out all the non 
ligated labeled probes, and all other compounds, to maxi 
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mally reduce background. Because of the covalently bound 
labeled oligonucleotides, detection is simpli?ed (it does not 
have time and loW temperature constrains). 

[0159] Depending on the label used, imaging of the chips is 
done With different apparati. For radioactive labels, phosphor 
storage screen technology and PhosphorImager as a scanner 
may be used (Molecular Dynamics, Sunnyvale, Calif.). Chips 
are put in a cassette and covered by a phosphorous screen. 
After 1-4 hours of exposure, the screen is scanned and the 
image ?le stored at a computer hard disc. For the detection of 
?uorescent labels, CCD cameras and epi?uorescent or con 
focal microscopy are used. For the chips generated directly on 
the pixels of a CCD camera, detection can be performed as 
described by Eggers et al. (1994, incorporated herein by 
reference). 
[0160] Charge-coupled device (CCD) detectors serve as 
active solid supports that quantitatively detect and image the 
distribution of labeled target molecules in probe-based 
assays. These devices use the inherent characteristics of 
microelectronics that accommodate highly parallel assays, 
ultrasensitive detection, high throughput, integrated data 
acquisition and computation. Eggers et al. (1994) describe 
CCDs foruse With probe-based assays, such as Format 3 SBH 
of the present invention, that alloW quantitative assessment 
Within seconds due to the high sensitivity and direct coupling 
employed. 
[0161] The integrated CCD detection approach enables the 
detection of molecular binding events on chips. The detector 
rapidly generates a tWo-dimensional pattern that uniquely 
characterizes the sample. In the speci?c operation of the 
CCD-based molecular detector, distinct biological probes are 
immobiliZed directly on the pixels of a CCD or can be 
attached to a disposable cover slip placed on the CCD surface. 
The sample molecules can be labeled With radioisotope, 
chemiluminescent or ?uorescent tags. 

[0162] Upon exposure of the sample to the CCD-based 
probe array, photons or radioisotope decay products are emit 
ted at the pixel locations Where the sample has bound, in the 
case of Format 3, to tWo complementary probes. In turn, 
electron-hole pairs are generated in the silicon When the 
charged particles, or radiation from the labeled sample, are 
incident on the CCD gates. Electrons are then collected 
beneath adjacent CCD gates and sequentially read out on a 
display module. The number of photoelectrons generated at 
each pixel is directly proportional to the number of molecular 
binding events in such proximity. Consequently, molecular 
binding can be quantitatively determined (Eggers et al., 
1994). 
[0163] As recently reported, silicon-based CCDs have 
advantages as solid-state detection and imaging sensors pri 
marily because of the high sensitivity of the devices over a 
Wide Wavelength range (from 1 to 10000 A). Silicon is very 
responsive to electromagnetic radiation from the visible spec 
trum to soft X-rays. For visible light, a single photon incident 
on the CCD gate results in a single electron charge packet 
beneath the gate. A single soft X-ray beta particle (typically 
KeV to MeV range) generates thousands to tens of thousands 
of electrons. In addition to the high sensitivity, the CCDs 
described by Eggers et al. (1994) offer a Wide dynamic range 
(4 to 5 orders of magnitude) since a detectable charge packet 
can range from a feW to 105 electrons. The detection response 
is linear over a Wide dynamic range. 
















