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[57] ABSTRACT

An iterative and regenerative method for sequencing DNAis
described. This method sequences DNAin discrete intervals

starting at one end of a double stranded DNA segment. This
method overcomes problems inherent in other sequencing
methods, including the need for gel resolution of DNA

fragments and the generation of artifacts caused by single-

stranded DNA secondary structures. A particular advantage
of this invention is that it can create ofiset collections of
DNA segments and sequence the segments in parallel to

provide continuous sequence information over long inler-
vak. This method is also suitable for automation and mul-

tiplex automation to sequence large sets of segmenls.

118 Claims, 9 Drawing Sheets
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FIG. 1

cycle

1
TEMPLATE PRECURSOR: Fok\ cut site

51:
3"

Fok\ recognition site

1. Digest with Fok\. Wash.

TEMPLATE:
5'P-

-»- four nucleotide overhang

ADAPTORS:
DURING EACH CYCLE
THIS REGION DIFFERS

•dd P5'

Fluorescent label p^\ / three degenerate^nucleotjdes
identifying the 5' . r'ec'oanition with a fixed G,A,T, or C 5'end
terminus of this strand' "3^

2. Ligate. Wash, (The bottom strand undergoes template-directed ligation
if its 5' end nucleotide is complementary to the template at the ligation
junction; this strand's 3' region differs with each sequencing cycle. The
upper strand facilitates ligation of the lower strand.

3, Identify the ligaled adapter by fluorometry,

4. PCR with a different primer during each sequencing cycle,
preventing amplification of template precursors from previous cycles.
(This primer is complementary to the adapter's lower strand region that
varies with each sequencing cycle.)

5. Bind the PCR product to a solid matrix. Wash.
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FIG. 2

cycle

TEMPLATE PRECURSOR: 0se/?l cut site
5'-

3'- ^
BseR\ recognition site

1. Digest with Bse Rl, Bind to a solid matrix.Wash,

TEMPLATE:
5'P.

-two nucleotide overhang

ADAPTORS: DURING EACH BseRI
SYCUEJH!sn-nn retro9rlition-one degenerate nucleotide followed
REGION DIFFERS^^^,^GAT:O"^^^^
.*:——3

Fluorescent label
identifying the 3'
terminus of this strand

2. Ligate. Wash.(The upper strand undergoes template-directed ligation
if its 3' en'dnucleotidejs complementary, to the template at the ligation
junction; this strand's 5' region differs with each sequencing cycfe. The
bottom strand improves ligation efficiency.)

3. Identify the ligated adaptor by fluorometry,
4. PCR with a different primer during each sequencing cycle,

preventing amplification of template precursors from previous cycles
(This primer is homologous to the adapter's upper strand region
that varies with each sequencing cycle.)
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FIG. 3

cycle

1
TEMPLATE PRECURSOR: p^^^

5'- ^
Fok\ recognition site

\ 1. Digest with

TEMPLATE:

Fok\.

5'P'-

Wash.

^T four nudeotide overhang

2. Polymerize with 4 ddNTPs, each labeled with a distinct
fludrescent tag. Wash.

Fluorescently
labelled ddNTP •

5'
*•

three nucleotide overhang

~L

3. Identify incorporated ddNTP by fluorometry.

ADAPTOR: DURING EACH CYCLE
THIS REGION DIFFERS

5"

Fokl three degenerate nucleotides
recognition site

4. Ligate the adapter's upper strand; this strand's 5' region differs
with each sequencing cycle. Wash.

5.PCRwith a different primer^during each sequencing cycle,
preventing amplification of template precursors from previous cycles.
(This primer is homologous to the adapter's upper strand region
that varies with each sequencing cycle.)

6. Bind the PCR product to a solid matrix, Wash.
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FIG. 4

cycle

TEMPLATE PRECURSOR: pok\ cut site
51L

3' ^
Fok\ recognition site

1. Digest with Fok I. Remove and save supernatant.

fTEMPLATE:
S'L
3r P5'

- four nucleotide overhang

2, Polymerize with 4 ddNTPs, each labelled with a distinct
fluorescent tag. Wash,

51L
3'-

Fluorescently labelled ddNTP
>-==P51

"^~~ three nucleotide overhang

3, Identify incorporated ddNTP by fluorometry.

ADAPTOR: DURING EACH CYCLE
THIS REGION DIFFERS

Fok I four degenerate nucleotides
recognition site

4. Ligate this adaptor to the trimmed DNA segment in the supematant
from Step 1, Wash. Either or both strands can be ligated.

5. PCR using a different biotinylated primer with each sequencing
cycle, (This primer is targeted to the adagtor's region that varies with
each sequencing cycle, preventing amplification of template
precursors from previous cycles.)

6. Bind the PCR product to a solid matrix. Wash.



U.S. Patent Jan. 12, 1999 Sheet 5 of 9 5,858,671



U.S. Patent Jan. 12, 1999 Sheet 6 of 9 5,858,671

FIG. 6

Hemi-methylated Dpnl
recognition domain

Methyl

CCATCCGTAAGATGATCTTCTGTGACTGGTGAGTACTCAACCAAGTCATTCTGAG
GGTAGGCATTCTACTAGAAGACACTGACCACTCATGAGTTGGTTCAGTAAGACTC

55 bp PCR product

Dpnl

TCTTCTGTGACTGGTGAGTACTCAACCAAGTCATTCTGAG
AGAAGACACTGACCACTCATGAGTTGGTTCAGTAAGACTC
40 bp product
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FIG. 8
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FIG. 9
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ITERATIVE AND REGENERATIVE DNA
SEQUENCING METHOD

BACKGROUND OF THE INVENTION

Analysis of DNA with currently available techniques

provides a spectrum of information ranging from the con-
firmalion that a test DNA is the same or different than a

standard sequence or an isolated fragment, to the express
identification and ordering of each nucleotide of the test

DNA. Not only are such techniques cmcial for understand-

ing the function and control of genes and for applying many
of the basic techniques of molecular biology, but they have

also become increasingly important as tools in genomic
analysis and a great many non-research applications, such as

genetic identification, forensic analysis, genetic counseling,

medical diagnostics and many others. In these latter

applications, both techniques providing partial sequence

information, such as fingerprinting and sequence

comparisons, and techniques providing full sequence cleter-
mination have been employed (Gibbs et al., Proc. Natl.
Acad. Sci USA 1989; 86:1919-1923; Gyllenstcn ct al.,Proc.

Natl. Acad. Sci USA 1988; 85:7652-7656; Carrano et al.,

Genomics 1989; 4:129-136; Caetano-Annoles et al., Mol.

Gen. Genet. 1992; 235:157-165; Breaner and Livak.Proc.

Natl.Acad. Sci USA 1989; 86:8902-8906; Green et al., PCR
Methods and Applications 1991; 1:77-90; and Versalovic et

al., Nucleic Acid Res. 1991; 19:6823-6831). '

DNA sequencing methods currently available require the

generation of a set of DNA fragments that are ordered by

length according to nuclcotide composition. The generation

of this set of ordered fragments occurs in one of two ways:
chemical degradation at specific nucleotides using the
Maxam Gilbert method (Maxam A M and W Gilbert, Proc

NatlAcadSci USA 1977; 74:560-564) or dideoxy nucleotide
incoqioratioa using Ihe Sanger method (Sanger F, S Nicklen,
and A R Coulson, Proc Natl Acad Sci USA 1977;
74:5463-5467) so that the type and number of required steps
inherently limits both the number ofDNA segments that can

be sequencecl in parallel, and the number of operations
which may be carried out in sequence. Furthermore, both

methods are prone to error due to the anomalous migration
of DNA fragments in denaturing gels. Time and space
limitations inherent in these gel-based methods have fueled

the search for alternative methods.

Several methods are under development that are designed
to sequence DNA in a solid state format without a gel

resolution step. The method that has generated the most

interest is sequencing by hybndization. In sequencing by
hybridization, the DNA sequence is read by determining the

overlaps between the sequences of hybridized oligonucle-
otides. This strategy is possible because a long sequence can

be deduced by matching up distinctive overlaps between its

constituent oligomers (Strezoska Z, T Paunesku, D

Raclosavljevic, I Labal, R Drmanac, R Crkvenjakov, Proc
NallAcadSci USA 1991; 88:10089-10093; Urmanac R, S
Drmanac, Z Strezoska, T Pauneslai. I Labat, M Zeremsld. J

Snoddy, W K Funkhouser, B Koop, L Hood, R Crkvenjakov,
Science 1993; 260:1649-1652). This method uses hybrid-
ization conditions for oligonucleotidc probes that distin-
guish between complete complementarity with the target

sequence and a single nucleotide mismatch, and does not

require resolution of fragments on polyacrylamide gels
(Jacobs K A, R Rudersdorf, S D Neill, J P Dougherly, E L

Brown, and E F Fritsch, Nucleic Acids Res. 1988;

16:4637—^650). Recent versions of sequencing by hybricl-

ization add a DNA ligation step in order to increase the

ability of this method to discriminate between mismatches,
and to decrease the length of the oligonucleotides necessary
to sequence a given length of DNA (Broude N E, T Sano, C
L Smith, C R Cantor, Proc. Natl. Acad. Sci. USA

5 1994,91:3072-3076, Drmanac R T, International Business

Communications, Southborough, Mass.). Significant
obstacles with this method are its inability to accurately

position repetitive sequences in DNA fragments, inhibition

of probe annealing by the formation of internal duplexes in
10 the DNA fragments, and the influence of nearest neighbor

nucleotides within and adjacent to an annealing clomaiu on

the melting temperature for hybridization (Riccelli P V, AS
Benight, Nucleic Acids Res 1993:21:3785-3788, Williams J
C, S C Case-Green, K U Mir, E M Southern. Nucleic Acids

35 Res 1994,22:1365-1367). Furthermore, sequencing by
hybridization cannot determine the length of tandem short

repeats, which are associated with several human genetic
diseases (Warren ST, Science 1996; 271:1374-1375). These

limitations have prevented its use as a primary sequencing

20 method.

The base addition DNA sequencing scheme uses fluores-

cently labeled reversible terminators of polymerase
extension, with a distinct and removable fluorescent label

for each of the four nucleotide analogs (Metzker M L,

25 Raghavachan R, Richards S, Jacutin S E, CiviteUo A,

Burgess K and R A Gibbs, Nucleic Adds Res. 1994;
22:4259-^267; Canard B and R S Sarfati, Gene 1994;

148:1-6). Incaqioration of one of Ihe.se base analogs into Ihe

growing primer strand allows identification of the incoqio-
30 rated micleotide by its fluorescenl label. This is followed by

removal of the protecting fluorescent group, creating a new

substrate for template-directed polymerase extension. Itera-

tion of these steps is designed to permit sequencing of a
multitude of templates in a solid state format. Technical

35 obstacles include a relatively low efficiency of extension aud

deproteclion, and interference with primer extension caused

by single-slrand DNA secondary structure. A fundamental
limitalion lo this approach is inherent in iterative methods

thai sequence conseculive micleotides. That is, in order to
40 sequence more than a handful nucleotides, each cycle of

analog incorporation and deprotection must approach 100%

efficiency. Even if the base addition sequencing scheme is
refined so that each cycle occurs at 95% efficiency, one will

have <75% of the product of interest after only 6 cycles

45 (0.95°=0.735). This will severely limit the ability of this
method to sequence anything but very short DNA
sequences. Only one cycle of lemplate-directed analog

incorporation and deprotection appears to have been dem-
onstrated so far (Metzker M L, Raghavachari R, Richards S,

50 Jacutin S E, Civitello A, Burgess K and R A Gibbs, Nucleic

Acids Res. 1994; 22:4259-4267; Canard B and R S Sarfati,
Gene 1994; 148:1-6). A related earlier method, which is

designed to sequence only one micleotide per template, uses
radiolabeled nucleoticles or conventional non-reversible ter-

55 minaloTS allached lo a variely of labels (Sokolov B P,

Nucleic Acids Research 1989;18:3671; Kuppuswamy M N,

J W Hoflman, C K. Kasper, S G Spitzer, S L Grace, and S P
Bajaj, Proc. Nail. Acad Sci. USA 1991; 88:1143-1147).

Recently, this method has been called solid-phase minise-

60 queacing (Syvanen A C, E Ikonen, T Manninen, M
Bengstrom, H Soderlund, PAula, and LPeltonen, Genomics

1992; 12:590-595; Kobayashi M, Rappaport E, Blasband A,

Semeraro A, Sartore M, Surrey S, Fortina P., Molecular and

Cellular Probes 1995; 9:175-182) or genetic bit analysis
65 (Nildforov T T, R B Rendle, P Goclet, Y H Rogers, M L

Kotewicz, S Anderson, G L Trainor, aud M R Knapp,
Nucleic Acids Research 1994; 22:4167-4175), and it has
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been used lo verify the parentage of Ihoroughbred horses pathogens, as well as the sequeacing of plants and animals
(Nikiforov T T, R B Renclle, P Goelet, Y H Rogers, ML of interest to agriculture, conservation, and/'or science.

Kolewicz, S Anderson, G L Trainor, and M R Knapp, The presenl invention perlains lo melhods which can
Nucleic Acids Research 1994; 22:4167-4175). sequence multiple DNA segments in parallel, without run-

An allemalive method for DNA sequencing that remains 5 ning a gel. Each DNA sequence is delemnned without

in the development phase entails the use of flow cylometry ambiSluty-,as thls,uovdmeihodJTenre!DNAi.D_disc^te
to detect single'molecules.'Inthis^iethod^ one strancTofa inlervals that start at^one end of each DNAsegme^ The

DNA molecule Ts "synthesized'u-siDgTiiorescently~labeled melhodofthepreTntJnvTio^isTrieiou!,oaDNAl^
Ducleoti'desrand thelabered''DNA™lecu'leTs'then digested is almost ,6Dtirely double-straDded, thus preventmg the for-
by'a-p7oc"essive''exonuclease,\vit'h"ideDtification~5-the 10 mation of secondary stmctures that complicate the known

released nudeotides "over real' time'usmg'flow'cytometry scqueDcmg_methods that.rely^on_tlybridizalloD-!°.smgle:
Techmcal"obstacTes~to\he7mplementahooD7fthism"e^ stranded templates^e.g, sequencing by ^hybridization),^d

include the "fidelity of incoiporatioDofAe'fluoresceDtly overcoming obstades posed bymicrosatelUte.rep^ other
labeled nucleolides "and" turbulence ere ated "around 7he direct rePeats' aDd mverted rePeats'.iD ajiven DNA seg-

microbeacTto which lhe-smglemofecuk of"DNA'is attached 15 ment. The ileralwe and regeneralive DNA sequencing

(DavisLM7FirFairfield7?AlHarger,-JHJett7RAKeUer, metho_d,_d6scribed_herem,also,ov"comes ^e obslacks_to
.1 H Hahn'.L'AKrakowski; B L M^rrcme",";! C'Marlin, H L sequencing several thousand dislincl DNA^ segnnenls
Nulter,~R'LRatUff,"EBShera, D'J'SimpsoD,"S~ASoper; allached lo addressable sileson a raalrix or a chip, because

Genelic 'Analysis,' Techniques, ~and applications ~lwT; it}s camfd out in iterallve stePS andln vanous embodimenK

8:1-7): Funhermore7this'~method"irDot"amenable7o 20 effectively preserves the sample ^through^ multitude of

sequencing numerous DNA segments m paralleT. - -- sequeDcing^teps, or creates nested set of DNA ^gments
to which a few steps are applied in common. It is, therefore,

Another ^DNA sequencing method has recently ^been highly suitable for aulomatioD.'Furlhemore, the present
developed Aat uses class-HS restriction endonuckase diges- ^ention particularly addresses the problem of increasing

rion-andcadaptor.llXalIon.tos^ence^ 25 throughpuFmDNA sequencing, both m number of'steps and
otides offset from a terminal nucleotide^Using this method^ - paralkUsm ofanalyses, and'iTwill facilitate the identifica-

four_adjacen!_nTleo,tideshavercportedly^^^ &n"'oTteease^ssociated"gene7olym^
and read Callownglhegdresohitionof DNAfragmcD^ ticular-value for sequencinif entire geno^sand for cha^ac-

However, a limitation^ this sequencing method is that^it ^g (he'multipk gene'mut^tio^'underlym^polygemc
has.bullt-m product .losses'..aD^reT^reLmanLherative 30 traits~"?us^he"mve^tion~pertaiDS-lo~novefmelhodTfor
cycles (International Application PCT/US95/03678). - generatmg'staggered lemplates ancffor iterative'and' rcgcn-

Another problem exists with currently available lechnolo- erative DNA sequencing" as well as to methods for auto-
gies in the area of diagnostic sequencing. An ever widening mated DNA sequencing.

array of disorders, susceptibilities to disorders, prognoses of Accordingly,'the invention features a method for identi-

disease conditions, and the like, have been correlated with 35 fy^g g first"micleotide n and a second nucleotide n+x in a

the presence of particular DNA sequences, or the degree of " double stranded nucleic acid segment. The method includes

varialion (or mulalion) in DNA sequences, at one or more ^ digesting the double stranded nucleic acid segment with

genetic loci. Exampks^f such phenomena include human 3 restnction'enzyme to produce a double stranded molecule

leukocyte antigen (HLA) typing, cystic fibrosis, tumor pro- having a single slranded overhaog sequence corresponding
gression and helerogeneity, p53 proto-oncogene mutations, ^ ^ an "enzyme cut site; (b) providmg'an adaptor having a

ancl^ras prolo-oncogene mutations^GuUeDstenet al., PCR - ^ identification tag,'a restriction enzyme recognitTon

Methods and^AppUcatiODS^^:91^98 (1991); International domain, a sequence identification region, and a delectable
iwuMlIOD.PCT/u.s92/01675; alllj IDlemational applicatun ^^ ^ hybndizing the adaptor lo the double stranded
PCT/CA90/00267).^ A difficulty in determining DNA Q^le'ic acid having the single-stranded overhang sequence
sequences associated with such conditions to obtain diag-^ ^ (o form a ligaled molecule;~(d) identifying the nucleotide a

nostic or prognostic information is the frequent presence of •- by idenlifying the ligateci m'olecule;'(e) amplifying Ihe

multiple subpopulations of DNA^e.g., aUelic variants, mul- yg^ed molecule from'slep (d) with a primer speciJic for Ihe
tiple mulant forms, and the like. Dislinguishing the presence ^ identification lag oUhe adaplor; and (f) repeating sleps

and identity of multiple sequences with current sequencing ^ through (d) on the amplified mo'lecule from slep"(e) to

technology is impractical due to the amount of DNA ^ y^y the"iden'tity of the nucleotide n+x, wherein x is iess

sequencing required, ^g^ pj. gqyg] ^ ^g number of micleotides between a

SUMMARY OF THE INVENTION rccogmlioD domaiD for a restriction enzyme ancl aD enzyme
cut site.

The present invention provides an alternative approach In another aspect, the invention features a method for

for sequencing DNA Ihal does not require high resolulion 55 sequencing an interval within a double slranded nucleic acid

separations and that generates signals more amenable to segment by idenlifyiug a first nucleotide n and a second
analysis. The methods of the present invention can also be nucleotide n+x in a plurality of staggered double stranded

easily automated. This provides a means for readily analyz- molecules produced from the double stranded nucleic acid

ing DNA from many genetic loci. Furthermore, the DNA segment. The method includes (a) attaching an enzyme
sequencing method of the present invention does not require 60 recognition domain to difEcrcnt positions along the double

the gel resolution of DNA fragments which allows for the stranded nucleic add segment wilhin an interval no greater
simultaneous sequencing of cDNA or genomic DNA library than the distance between a recognition domain for a restric-

inserts. Therefore, the full length transcribed sequences or tion enzyme and an enzyme cut site, such attachment

genomes can be obtained very rapidly with the methods of occurring at one end of the double stranded nucleic acid

the present invention. The method of the present invention 65 segment; (b) diges
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stranded overhang sequence corresponduig to (lie cut site; the domain by a restriction endonuclease requires at least
(c) providing an adapter having a restriction enzyme recog- one methylated nucleolide; (b) polymerizmg by a template-
nition domain, a sequence identification region, and a detect- directed primer extension using the primer and a nucleic
able label; (d) hybridizing the adap(or to the double standard add segment lo generate a primer extended product; and (c)
nucleic acid having the single-stranded overhang sequence 5 digesting the primer extended product with a restriction
to form a ligated molecule; (e) identifying a nucleoticle n endonuclease that recognizes the resulting double-stranded
within a staggered double stranded molecule by identifying restriction endonuclease recognition domain encoded by the

the ligated molecule; (f) repeating steps (b) through (e) to primer sequence in the primer extended product,

yield the identity of the nucleotjde n+x in each of the A still further aspect of the invention pertains to a method

staggered double stranded molecules having the single ^g for blocking a restriction enclonuclease recognition domain

strand overhang sequence thereby sequencing an interval in a primer extended product. The method includes (a)
within the double slranded nucleic acid segment, wherein x providing a primer with at least one modified nucleotide,

is greater Ihan one and no greater [ban the number of wherein Ihe modified nucleotide blocks an enzyme recog-

nudeolides belween a recognition domain for a reslriclion nition domain, and at least a portion of the enzyme recog-

enzyme and an enzyme cut site. ^ nition domain sequence is encoded in the primer; (b) poly-

In another aspect, the invention features a method for merizing by a template-directecl primer extension using the
identifying a first nucleotide n and a second nucleotide n+x primer and a nucleic acid segmenl to generate a primer

in a double stranded nucleic acid segraenl. The method extended product; and (c) digesting the primer extended

includes (a) digesting the double stranded nucleic acid product with an enzyme that recognizes a ciouble-stranded
segment with a restriction enzyme to produce a double 20 enzyme recognition domain in the primer extended product.

stranded molecule having a 5' single stranded overhang In another aspect of the invention there is provided a

sequence corresponding to an enzyme cut site; (b) identify- melhod and device for automated sequencing of double-
ing the nucleotide n by template-directed polymerization slranded DNA segmenls with nested single strand overhang

with a labeled nucleotide or nucleotide lerrainator; (c) templates, wherein a plurality of double-stranded DNA

providing an adaptor having a cycle identification tag and a 25 segments are immobilized at sites of a microtiter support or

restriction enzyme recognition domain; (d) ligating the chip array having a plurality of sample holders arrayed in a
adapter to the double stranded nucleic acid to form a ligated matrix of positions on the support. Each DNA segment has

molecule; (e) amplifying the ligalecl molecule from step (d) an end comprising a single-strand overhang template
with a primer specific for the cycle identification tag of the sequence no longer than about twenty nucleotides in length.

adapter; and (f) repeating steps (a) through (b) on the 30 The device then implements a protocol simultaneously treat-

amplified molecule from step (e) to yield the identity of the ing all sample holders with one or more reagents which
nucleotide n+x, wherein x is less than or equal to the number selectively react with at least oae nucleotide of the single-

of nucleotides between a recognition domain for a restriction strand overhang template to effectively label the material at

enzyme and an enzyme cut site. each holder, then reading the array by automated detection

Yet another aspect of the invention pertains to a method 35 to determine at least one nucleotide of the single-strand
for sequencing an interval within a double stranded nucleic overhang template at each position. Thereafter, the method
acid segment by identifying a first nucleotide n and a second proceeds by reducing length of each strand of the DNA

nucleotide n+x in a plurality of staggered double stranded segment at each holder by a fixed number n>l at the
molecules produced from the double stranded nucleic acid overhang end, thus yielding a homologously ordered array

segment. The method includes (a) attaching an enzyme 40 of shorter and nested DNA segments, each with a single-

recognition domain to different positions along the double strand overhang template sequence, which preferably
stranded nucleic acid segment within an interval no greater remain immobUized at the same positions on the support

than the distance between a recognition domain for a restric- where the treatment protocol is repeated to determine at least

tion enzyme and an enzyme cut site, such attachment one nucleotide at each single-straod overhang sequence. The
occurring at one end of the double stranded nucleic acid 45 steps of treating, reading and reducing the length of the

segment; (b) digesting the double stranded nucleic acid strands of the DNA segment at each holder by a number of
segment wilh a restriction enzyme lo produce a plurality of n>l nucleolides are ileralively performed as automaled

staggered double stranded molecules each having a 5' single process steps to produce nested and .progressively shorter

stranded overhang sequence corresponding to the cut site; DNA segments and to sequence the plurality of DNA
(c) identifying a nucleoticle n within a staggered double 50 segments immobilized at the array of sample holders in situ.

stranded molecule by template-directed polymerization with In another aspect the invention includes a method for

a labeled nucleotide or nucleotide terminator; (d) providing automated sequencing of double stranded DNA segments by

an adaptor having a restriction enzyme recognition domain; attaching a recognition domain to each segment to form a set
e) ligating the adapter to the double stranded nuclcic acid to of DNA segments having the recognition domain nested at

form a ligated molecule; (f) repeating steps (b) through (c) 55 an inlerval no greater than the distance between Ihe recog-
to yield the identity of the nude.olidc n+x in each of the nition domain and its cut site for a given enzyme thai

staggered double stranded molecules having the single recognizes the recognition domain; treating the DNA seg-

strand overhang sequence thereby sequencing an interval ments with an enzyme that recognizes the attached recog-
within the double stranded nucleic acid segment, wherein x nition domain and cuts each strand of each DNA segment to

is greater than one and no greater than Ihe number oi' 60 create an overhang template at a distance of >1 nucleotidc
nucleolides between a recognilion domain for a reslriclion a
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hang template. The step of reducing is performed by remov- array to the sites of another support array, so thai all the
ing a block of nucleotides, so that each shorter DNA samples on one support may undergo one set of process

segment with an overhang template is a known subinterval sleps in common (e.g., washing, digeslion, labeling) while
of a previous DNA segment with overhang, those on the other support undergo another (e.g., heating/

In another aspect of the invention there is provided a 5 amplification or scinlillalion reading).

method ^ and ^device for automated sequencmg of double- Generally, the methods of the invention are applicable to
stranded DNA segments, wherein a plurality of double- all "taste where DNA sequencing is'employed,'including

stranded DNA segments are mmobilized at sites of a ^ical diagnoslics, genelic mapping, genelic'idenlificalion,
microtiter support or chip array having a plurality of sample ^^ ^y^ molecular biology'research, and the like:
holders arrayed in a matrix of positions on the support. Each m
DNA segment has an end comprising a single-strand over- BRIEF DESCRIPTION OF THE DRAWINGS

hang temple sequencenolonger thaD about twenty Ducle^ pIG. 1 is a schematic diagram of interval DNA sequenc-
otides in length. The device then simultaneously treats all ^ ^^ ^g ~^^ restriction endonuclease that

saroJleholderswlthoaeMmorere^eDtswhKhselef^^^^^^^^ generates a 5' ove'rhang (Fokl), template-directed ligation to
react with M least me nucleotide of the single-strand over- 15 labeled adaplors,-andcPC^DNA encoded by oligonucle-

hangtemplaleloeffectivelylabdttlematerial.ilt eachhoklel; Glides or their PCR generated complemenls "is depicted as

andreadmithe_arraybyautTTddetectioDtod^^^ thick~lines:-FoHowing"each"cycleThe'lemplate precursor is
one nucleolicle ol me smgle-slrancl ovcrnang templa

at each position. Thereafter, the method proceeds by regen- ~~"r,,^"^ ',_ ._i___ _,,. .„..___. _c;.

eralmg material at"the'resp6ctiv^sampte'holders'byDNA ^ ,JW^ a^m^di^am^mtervalDN^Sequmc:
ampliflcTtionm vitro andTeducing'lenglh of each strand of '" ing_meth.o(l ^l^^s^^w^rm^^ai

rates a Ji' overtiane (yseKl), temclate-clirectecl ligalionthe regenerated DNA segment at each holder bv a fixed s^""^' " ^ u»--i..ui.6y^^^,^^u.^;u^-"u^^i^.
to labeled adaptors. and FCK. UNA encoclecl bv olieonucle-n^l at the overhang end. thus yielding a homolo- .-^...——^.—^r.^^,."-. - ^..^-...---^.-—.—. ^ ^..y

gously'ord-ered\wayof'shorta7nd"Des(edDNlsei^^^^^^^ o.tldesOTthSLPCigeDeratec'-COTlT6T.i^d^^^^^^^^^^
^-witha'smgie-sfra7d-overhang"template'se^u^^^^^^ 25 £eS' Followiag eacb cycle the template precursor is

which preferably remain immobilized at the same positions ""*1*.L^""."'.
on the'support,'and the treatment protocol is repeated to . FIG- 3 is a schematic diagram of interval DNAsequenc-
determine"al least one nucleolide' at each single-slrand ing method uslDg a class-IIS restriction^ endonuclease that

overhang sequence. The steps of treating, reading^egener- generates a 5' overhang ^(FokQ, template-directed poly-
ating and reducing the length of the sh-ands ofthe'DNA 30 merase. exlension with_Jabeled terminators, template-
segment at each holder by anumber of nSl nucleolides are "" directecl ligatioD^a.Dd PCR- DNA encoded by oligonucle-

iteratively performed as automated process steps to produce otldes or their,,PCR generated complements is depicted as
nested ancfprogressively shorter DNA segment ends and to thick lil)es- FoUowing each cycle the (emplale precursor is

sequence the plurality of DNA segments immobilized at the shortened.
array of sample holders in situ. 35 FIG- 4 is a schemalic diagram of interval DNA sequenc-

In another aspect the invention includes a method for in£ method using a class-IIS reslriction endonuclease that

automated sequenciug of double stranded DNA segments by generates a 5' overhang (Fold), template-directed poly-

attaching a recognition domain to each segment to form merase extension wilh_ labeled terminators, template-
DNA segments having the recogmtion domain, regenerating directed ligation,_and PCR. The template complementary lo

the template precursor by DNAamplification in vitro, treat- 40 the templat^m FIG. 3 is attached to a solid phase andjs

ing the DNA segments with an enzyme that recognizes the sequenced. DNA encoded by oligomicleolides orUieir PCR
att'ached recognition domain and cuts each strand of each generated complements is depicted as thick lines. Following

DNA segmenT to create an overhang template at a distance each cycle the template precursor .is shortened.

of 21 nucleotide along the DNA segment from the recog- FIG. 5 is a photograph depicting the size-of the initial

nition domain, and determining at least one nucleotide of the 45 template precursor and of subsequent template precursors
overhang template. The method includes the step of reduc- following each of five iterative sequencing simulation cycles

ing length of each strand at Ihe end of IheDNAsegmenl with consisting of Fold digestion, adaptor ligation, flll-in with

the overhang template by ^1 nucleotide to produce a ddNTPs, and PCR amplification, run on a 12% denaturing
corresponding set of shortened DNA segments each with an acrylamide gel. Lane 1, MW markers (17-mer, 25-mer,

overhang template, the step of reducing being performed by 50 37-mer, 48-mer, 70-mer); Lane 2, Initial template precursor:
removing a block of nucleotides, so that each shortened 93 base pair PCR product amplified from human genomic

DNA segment with an overhang template is a known sub- DNA; Lane 3, Template precursor following sequencing
interval of a previous DNA segment with overhang, cycle #1 (90 bp); Lane 4, Template precursor following

The invention further contemplates an automated instru- sequencing cycle #2 (82 bp); Lane 5, Template precursor

menl for effeclively performing" the sequencing, wherein a 55 following sequencmg cycle #3 (72 bp); Lane 6, Templale

stage carries the support on a device equipped for providing precursor following sequence cycle #4 (64 bp); Lane 7,

the'respective buffers, sohilions and reagente, for stepping or Templale precursor following sequencing cycle #5 (54 bp).

positioning the array for reading, and in some embodiments FIG. 6 is a schematic diagram which illustrates the

robotic manipulation for sample transfer, and heating for removalof primer encoded sequence from a PCR product by

amplification, e.g., treating at lcasl a portion of material at 60 amplificalion wilh a primer encoding a Dpnl recognilion
each sample holder with a primer and heat cycling to domain, which requires a melhylaled nucleotide, followed

regenerate material at the respective sample holders. The by cutting Dpn I. The primer sequences are underlined. The
stage may be rotatable, spinning to cause fluid provided at primer encoding the Dpnl recognition domain had two

a central position to centrifugally flow across the array to mismatches with Ihe original PCR template, 
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sequence, run on an acrylamide gel: lane 1, 33 /d (1 /fg) of segment. Preferably, nucleotide n is selected by digesting a
uncut 55 bp PCR product; lane 2, 33 /(I of 55 bp PCR given double stranded nucleic acid segment with a restric-

product cut wilh 20 U Dpn 1, generating a 40 bp producl; tion enzyme, e.g., a class US restriction endonudease, to
lane 3, 33 ,«I of 55 hp PCR product cut with 100 U Dpn I, generate a 5' or a 3' single stranded overhang sequence
generating a 40 bp product; lane 4, MW markers (17-mer, 5 corresponding to the cut site, and D is the first or the last
25-mer. 3'7-mer. 4'8-'mer. 70-mer'l. unpaired nucleotide in the overhang sequence.

NO. 8 is a schematic representation of an automated ^AS;Ised,he"an',theJerm ^cleotidS n+xlrcfeK:.t^a
m^rumentfor'automatecfse^encmgofmuitipk DNAseg^ seco^"^^^glve".Im:lelc,acid,se&meDl whlch?s

separated from nucleotide n by x nucleotides along a nucleic
acid segment. For methods described herein, "x " is a

FIG. 9 is a schematic representation of chips and reagents "" number'which is less than or equal to the number of

for DNA sequencing on a disk. The transfer of rcagcnts to nucleolides between a restriction enzyme recognition
multiple chips occurs through centrifugal force by disk domain and the corresponding enzyme cut site for a given
rotation, enzyme. By convention, "x " is defined by two integers

which give the number of nucleotides between the recogni-
DETAILED DESCRIPTION. OF THE is tion site and the hydrolyzed phosphodiester bonds of each

INVENTION strand of a nucleic acid segment. Preferably, x is no longer
than about 9 micleotides, more creferablv x is no longer thainvention pertains to an iteralive and regen- ","'" "''.^".^"""^'n'""'";'""" r——^-j ••— — —^-B~ —•"
about 18, 20 or 30 micleotides, and advantageously it is in

erativemethod^for sequencing DNAtliat^exploits the sepa- the\"aage'b7hveen"about4oTnd60"nucleorid^^^^^^^

ration of the ^estncrio^enzyme recognition and cleayage ^ ;^^ t-^- recognition anFcleavage properties of?okl~are
domains in class-IIS restriction endonucleases, as well as typically represe'med~as-"GGATG(9/13y''because'-i't recog-
adapter ligalion, to generate a series of sequencing templates ^ ^ ^ 3 double stranded nucleic acid as foUowsF
that are separated from each other by a discrete interval.

These sequencing templates constitute a set of single-strand 5'-...NNGGATGNNNNNNNNN NNNNNNNNNN...
overhangs that can then be sequenced by template-directed ^ 3'-...NNCCTACNNNNNNNNNNNNN NNNNNN...
Ugation, tcmplate-directed polymerization, or by stringent

hybridization of oligonucleotides or oligonucleotide ana- ^^ the bolded nucleotides are Fokl-s recognition site and

''•'• the N's are arbitrary nucleotides and their complements.
The present invention features a method for identifying a AS used herein, the language "restriction enzyme recog-

first nucleotide D and a second nucleotide n+x in a double 30 nition domain " refers to a nucleolide sequence that allows

stranded nucleic acid segment. The method includes (a) a restriction enzyme to recognize this site and cut one or
digesting the double stranded nucleic acid segment with a both strands of a nucleic acid segment at a fixed location

restriction enzyme to produce a double stranded molecule with respect to the recognition domain. For class US restric-

having a single stranded overhang sequence corresponding [ion endonucleases, the cut site lies x nucleotides outside the

to an enzyme cut sile and (b) providing an adaplor having a 35 recognition domain. Generally, Ihe nucleotide sequence of
cycle identification tag, a restriction enzyme recognition (he recognition domain is about 4 to about 10, more pref-

domain, a sequence identification region, and a detectable erably about 4 to about 6, nucleotides in length.'For

label. The method further includes (c) hybridizing the adap- example, for a class US restriction endonuclease, e.g, BseRI
tor to the double stranded nucleic add having the single- ^ (he recognition domam is 6 nucleolides in length.

stranded overhang sequence to form a ligated molecule, (d) 40 The language "enzyme cut site, " refers to the "location of

identifying the nucleoticle n by identifying the ligated a strand cleavage by an enzyme where this cleavage occurs
molecule, and (e) amplifying the ligated molecule from step in a fixed location'with respect to the restriction enzyme

(d) with a primer specific for the cycle yentification tag of recognition domain. For class US restriction endonuclease,
the adaptor. The method also includes (f) repeating steps (a) (he enzyme cut site is located x nucleotides away from the

through (d) on the amplified molecule from step (e) to yield 45 recognition domain. In one embodiment, the enzyme cut site
the identity of the nucleotide n+x, wherein x is less than or ig the site located the farthest from the restriction enzyme

equal to the number of nucleotides between a recognition recognition domain. Preferably, the enzyme cut site is the

domain for a restriction enzyme and an enzyme cut site. As site located closest to the restriction enzyme recognition
is described more fully below the order of steps (a) through domain.

(f) may vary with different embodimeals of the invenlion. 50 "Enzyme " as the term is used in accordance with the

As used herein, the term "nucleotide n" refers to a invention means an enzyme, combination of enzymes, or
nucleotide along a given nucleic acid segment. "Nucleotide" other chemical reagenls, or combinalions chemical reagents

is an art-recognized term and includes molecules which are and enzymes that when applied to a ligated molecule,
the basic structural units of nucleic acids, e.g., RNA or discussed more fully below, cleaves the ligated molecule to

DNA, and which are composed of a purine or pyrimidine 55 generate a double stranded molecule having a single

base, a ribose or a deoxyribose sugar, and a phosphate group, stranded overhang sequence corresponding to a cut site. An

A "modified micleolide," as used herein, refers to a nude- enzyme of the invention need not be a single protein, or

otide that has been chemically modified, e.g., a methylated consist solely of a combination of proteins. A key feature of
nucleotide. "Analogs " in reference to nucleotides includes the enzyme, or of the combination ofreagents employed as

synthetic nucleotides having modified base moieties and/or 60 an enzyme, is that its (their) cleavage site be separate from

modified sugar moielics, c.g., as described generally by its (their) recognition site. It is important that the enzyme

Scheit, Nucleotide Analogs (John Wiley, New York, 1980). cleave the nucleic acid segment after it forms a ligated
Such analogs include synthetic nucleotides designed to molecule with its recognition site; and preferably, the

enhance binding properties, reduce degencracy, increase enzyme leaves a 5'or 3'protruding straBd on the nucleic acid
specificity, and the like. In the metliocls describe
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from its cleavage site and whose cleavage results in a
protruding strand on the uucleic acid segment. Most

preferably, class US reslriclion endonucleases are employed

as enzymes in the invention, e.g., as described in Szybalski
et al.. Gene, 100:13-26 (1991); Roberts et al.,Nuc1eic Acids

Research, 21:3125-3137 (1993); and Lovak and Brenner,

U.S. Pat. No. 5,093,245. Class-IIS restriclion endoDucleases

are a subclass ofclass-II restriction endonucleases that cut at
precise distances away from their recognition domains, so
that the recognition domains and cleavage domains are

separated on the substrate DNA molecule (Szybalski W, S C
Kim, N Hasan, A J Podhajska Gene 1991; 100:13-26).
Following digestion with class-IIS restriction

endonucleases, the sequence of the single-stranded end is

independent of the recognition domain sequence. Class-IIS
restriction endonucleases usually have asymmetric recogni-

lion domains, and class-IIS restriction endonucleases typi-

cally cut on one side of the recognition domain, resulting in
double-stranded cut per recognition site. Over 70 class-IIS

restriction endonucleases have been isolated. Because the

clcavage domain is separate from the recognition domain,
methylation of nucleotides that lie within the cleavage

domain will not effect cleavage, so long as the correspond-

ing recognition domain is not methylated (Podhajska A J, W
Szybalski Gene 1985; 40:175-182, PodhajskaAJ, S C Kim,
and W Szybalski Methods in Enzymology 1992;
216:303-309, Posfai G, W Szybalski Gene 1988;

69:147-151). Exemplary class US restriction endonucleases
for use with the invention include AccBSI, AceIII, Acil,

AclWI, Alwl, Alw26I, AlwXI, Asp26HI, Asp27HI,
Asp35HI, Asp36HI, Asp40HI, Asp50HI, AsuHPI, Bael,
Bbsl, Bbvl, BbvII, Bbvl6II, Bce83I, Bcefl, Bcgl, Bco5I,

Bcoll6I BcoKl, Binl, BU736I, Bpil, Bpml, BpulOI, BpuAJ,
Bsal, BsaMI, Bsc9II, BscAI, BscCI, BseII, Bse3DI, BseNI,

BseRI, BseZI, Bsgl, Bsfl, Bsml, BsmAI, BsmBI, BsmFI,

Bsp241, Bsp423I, BspBS3II, BspIS4I, BspKT5I,
BspLUllIII, BspMI, BspPI, BspST5I, BspTS514I, Bsrl,
BsrBI, BsrDI, BsrSI, BssSI, Bsllll, Bsl71I, Bst2BI,

BstBS32I, BstD102I, BstF5I, BstTS5I, Bsu6I, Cjel, CjePI,
Eamll04I, Earl, Eco31I, Eco57I, EcoA4I, Eco044I, Esp3I,

Paul, Fokl, GdiII, Gsul, Hgal, Hphl, I<sp632I, MboII, Mlyl,
Mmel, Mnll, Mval269I, Phal, Piel, RleAI, Sapl, SfaNI,

Siml, Stsl, TaqII, TspII, TspRI, TthHHI, and VpaK32I, and

isoschizomers thereof. Preferred endonucleases include
Fokl and BseRI.

Class-IIS restriction endonucleases have several
applications, as outlined below. Class-IIS restriction endo-

nucleases have been used in conjunction with an adapter to
act as a universal restriction endonuclease thai can cut a

single-straaded substrate at almost any predetermined site

(Podhajska A J, W Szybalsld Gene 1985; 40:175-182,
Podhajska A J, S C Em, and W Szybalski Methods in
Enzymolog)' 1992; 216:303-309, Szybalski W. Gene 1985;
40:169-173). The adapter consists of a double-stranded

hairpin portion conlaining Ihe recognition domain for Ihe

class US restriction endonuclease, and a single stranded end

that is complementary to the single-slranded template to be

cleaved. Following annealing of the adapter to the single-
stranded template (e.g. M13), the class-IIS restriclion endo-

nudease can cleave this site. Ahairpin adaplor has also been

used to attach a radiolabel to one- end of a single-stranded
phagemid DNA, to facilitate Maxam-Gilbert sequencing

(Goszcynski B, McGhee J D Gene 1991; 104:71-74).
Class-IIS restriction endonucleases have been used to trim

vector inserts in order to generate deletions in a vector insert
(Morrneneo S, R Knoll, D Periman Gene 1987; 61:21-30,
Hasan N, J Kur, W Szybalski Gene 1989; 82:305-311,

Hasan N. S C Km, A J Podhajska, W Szybalski Gene 1986;

50:55-62). In this application, restriction enclonuclease

digeslion removes a portion of Ihe inserl, and the resulting

single-stranded ends are converted to blunt ends prior to
5 intra-molecular ligation and the transformation of E. coli,

generating a deletion mutanl in (he conslrucl. If the class-IIS
restriction endonuclease recognition domain is

reconstituted, this process can be carried out again, gener-
ating a series of deletion mutants in the plasmid insert. This

10 is not a sequencing method, and the single-strand overhangs

that could act as sequencing templates are eliminated during

the generation of each new plasmid construct.
Class-IIS restriction endonuclease digestion has been

used as a mapping tool in a fluorescent. fingerprinting
35 procedure (Brenner S, Livak K J Proc Natl AcadSci USA

1989; 86:8902-8906). In this method, 5' overhangs are

generated by cleavage with a class US reslriction

enclonuclease, using the recognition domains Ihat already
exist in the original DNA. Digestion is followed by labeling

20 these ends using convention dNTPs and ddNTPs tagged

with distinct fluoresccnt labels. This labeling constitutes

conventional S anger sequencing with fluorescently labeled
terminators. The restriction fragments are then analyzed by

denaturing polyacrylamide gel electrophoresis, with detec-

25 tion of emissions using a DNA sequencer. The labeled
fragments are characterized by both size and terminal

sequence, increasing Ihe information conlenl in DNA
fingerprinting, allowing this method to distinguish restric-

lion fragments that cannot be resolved by size alone.
30 The ability of class-IIS restrictioD endomicleases to gen-

erate ambiguous ends has also been used to amplify single
restriction fragments from large DNA molecules ranging

from about 50-250 kb in size (Smith D R Methods and
Applications 1992; 2:21-27). In this method, digestion of

35 the DNA molecule with a class-IIS restriction endonuclease
Ihal generates a 5' overhang is followed by ligation lo a

single adapter, under conditions such that only a small
subset of digested fragmenls have single-stranded ends Ihal

will successfully mediate template-directed ligation to this

40 single adaptor. The ligated aclaptor provides one target for

subsequent PCR amplification of an unknown fragment. The
second target is provided by a vectorette unit (bubble-tag)

ligated to blunt ends produced by another restriction endo-

nuclease. This strategy permits the amplification of a single
45 unknown fragment from the relatively complex mixture. It

is designed so that specific fragments can be isolated without

prior knowledge of the nucleotide sequence of the target.

These amplified fragments arise from random locations

within the target. A similar strategy has been developed in

50 which adapters ligated to Ihe class-IIS restriction endonu-

clease cut sites are called DNA indexers (Kalo K. Nucleic

Adds Research 1996; 24:394-395, Unrau P, Deugau K V

Gene 1994; 145:163-169).
Restriction endonuclease digestion is frequently used to

55 generate cohesive cads for cloning DNA segments into a
vector. This can be accomplished by attaching restriction

endonuclease recognition domains to the ends of a DNA

fragment by ligalion of a linker or adapter. Alternatively, a
recognilion domain can be incorporated into the end of a

60 nucleic acid sequence using a primer whose 5' end contains
the restriction endonuclease recognition site of interest,

followed by primer directed synthesis oflhe opposite strand.

One limitation inherent in such primer directed incoqiora-
lion of a restriction endonuclease recognition domain is that

65 the fragmenl of interest cannot contain the recognition
domain for this enzyme if the intact fragment is to be cloned

by digeslion with this restriction eDdonuclease, as culling ul'
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internal sites would generate shorter segments. This parlicu- fication of the ligatecl molecule. Hemi-methylation can be
lar obstacle was solved by Man and Rutter (Han J, Rulter W achieved in a variety of ways, including in vitro primer

.1 ?<c/e;'cAc;i:/.s-/?(?.•,'1988; 16:11837). They ]'ncor]')oraled a extension with a methylatecl nucleotide using a primer
recognition domain for the restriction endonuclease Sfil into having the portion of an enzyme recognition domain that
aneadofDNAsegmenlsbyprimerdirecledDNAsynthesis. 5 blocks enzyme recognition if it is hemi-methylated.
A primer encoding this recognition domain was used durmg Preferably, the restriction endonuclease employed recog-
first strand cDNA'synthesisrbut during this polymerization nizes a hemi-methylated enzyme recogmtion domain aDd a

step methylaled-dCTP was substituted" for dCTP. This was Primer contaus at least one methylated nuclcotidc in the

followed by primer mediated- synthesis of the opposite m^hylat^.portion_onhe/6cogmtioDdT^ ...
strand using aU four normal clNTPsTsince Ihe Sfil rcc'ogni'- 10 ,Jh<Llangu;lge "nuclelc^ad ,,segra.T, 'LOT2_double

stranded nucleic acid segment " is used interchangf
tun^mam.ro.nLai^..tihe^Mi^.^ hereinand refers lo"rdo"uMTsTrandedpolyDudeotye'&of"any
extension with 6-methyldCWmethylates one s^nd of each rength/In-oneembodimenToftheTnventTon;&e'n^
recognition ^domain for Sfil lying outside of this primer segment'caDcoi:Ttama-siDgle-s7randed~overhang7am:ckor'a
sequence, blocking cleavage mediated by any recognition g^. por example, the nudeic acid segment of the invention

domain lying^ outside of this primer sequence. Hemi- 15 can be a genomic DNA, a cDNA, a product of an in vitro
methylation of the recognition domains lying outside of the UNA amplification, e.g'., a PCR product, a product of a
primer sequence allowed this restriction enclonuclease to be strand displacement ampliflcation," or a vector insert. The
used to clone intact segments containing recognition length of the nucleic acid segment can vary widely;
domains for this restriction endomiclease. however, for convenience of preparation, lengths employed

Padgett and Sorge have adapted primer directed hemi- 20 in conventional sequencing are preferred. Preferably, the
methylation of recognition domains lying outside a primer nuclcic acid segment of the invention is about 60 bascpairs

encoded recognition domain, to a polymerase chain reaction in length, more preferably it is about 100,120,150,200, 300
(PCR) (Mullis K, Faloona p, Scharf S, Saila R, Horn G, or 600 basepairs in length, and most preferably it is about 1

Erlich H. Cold Spring Harbor Symposia on Quantitative to 2, or more kilobase pairs in length. Examples of other
Biology, Cold Spring Harbor Laboratory, LI:263-273) for- 25 ranges of lengths include: from about 60 basepairs to about

mat (Padgett KA, J A Sorge Gene 1996; 168:31-35). This 1 or 2 kilobase pairs; from about 60 basepairs to about 600
strategy requires a recognilion domain in which each slraad basepairs; from about 60 basepairs to about 200 or 300
has at least one nucleolidc that is not contained in the other basepairs; and from about 60 basepairs to aboul 120 or 150

strand of this domain. A recognition domain with this basepairs.
characteristic allows one to use primer extension during the 30 The nucleic acid segments can be prepared by various

polymerase chaia reaction (PCR) to hemi-methylate each of conventional methods. For example, the nucleic acid seg-

the recognition domains except for that recognition domain merits can be prepared as inserts of any of the conventional
encoded by the amplifying primer. This is accomplished by cloning vectors, including those used in conventional DNA

using a methylated nucleotide that is not present in the sequencing. Extensive guidance for selecting and using

recognition domain sequence that is antisense to the primer 35 appropriate cloning vectors is found in Sambrook et al.,
encoding this domain. By using a methylated dNTP thai Molecular Cloniag: A Laboratory Manual, Second Edition

does not lie in the strand anlisense to the recognition domain (Cold Spring Harbor Laboratory, New York, 1989), and the

encoded in the amplifying primer, all the recognition like references Sambrook el al and fanis et a)., editors, PCR
domains in the PCR product are methylated except the Protocols (Academic Press, New York, 1990) also provide

recognition domain that is encoded by the amplifying 40 guidance for using polymerase chain reactions to prepare

primer. This strategy hemi-methylales each recognition nucleic add segments. Preferably, cloned or PCR-amplified
domain in the PCR product except the primer-encoded micleic acid segments are prepared which permit attachment

recognition domain. This approach has been applied using a to magnetic beads, or other solid supports, for ease of

recognition domain for a class II-S restriction endonuclease, separating Ihe nucleic acid segment from other reagents used
to generate recombinant constructs (Padgetl K A, J A Sorge 45 in the method. Protocols for such preparative techniques are

Gene 1996; 168:31-35). described fully in Wahlberg et al., Electrophoresis,
The above described strategies permit a class-IIS recog- 13:547-551 (1992); Tong et al.,Anal. Chem. 64:2672-2677

nition domain to be appended to the end of a DNA segment (1992); Hultman et al., Nucleic Acids Research,

through primer extension, while hemi-methylating each 17:4937-4946 (1989); Hultman et al., Biotechniques,
recognition domain that lies within the original target, and 50 10:84-93 (1991); Syvanen et al., Nucleic Acids Research,

they can be used to block cutting mediated by internal 16:11327-11338 (1988); Dattagupta et al., U.S. Pat. No.

recognition domains without blocking cuttiug mediated by 4,734,363; Uhlen, PCT application PCT/GB89/00304. Kits
the primer-encoded recognition domain. The two strategies are also commercially available for practicing such methods,

outlined above constitute portions of the preferred embodi- e,g. Dynabeads™ template preparation kit from Dynal AS

ments of the invention. 55 (Oslo, Norway).
Preferably, prior to enzyme digestion, usually at the start In one preferred embodiment of the invention, the nucleic

of the seqTiencing operation, the rrucleic acid segment is add segment is attached to a solid matrix. As used herein,

treated by blocking the enzyme recognition domains of the the term "solid matrix " refers to a material -in a solid form
enzyme being employed. The blocking prevents undesired . to which a DNA molecule can attach. Examples of a solid

cleavage of the nuclcic acid segment because of the fortu- 60 matrix include a magnetic particle, e.g., a magnetic strcpta-

itous occurrence of enzyme recognition domains at interior vidin or a magnetic glass particle, a polymeric microsphere,
locations in the nucleic acid segment. Blocking can be a filter material, or the like. Preferably, the solid matrix used
achieved i
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nucleic acid molecules having a single stranded overhang

sequence. This is desirable when the sequencing interval is

designed lo be more Ihan one nucleolide, and one nucleotide

is sequenced from a single template during each cycle. The
language "double stranded nucleic acid molecules having a 5

single stranded overhaDg sequence " is inlended to include
a nucleic acid molecule created by the following method:

attachment of an enzyme recognition domain at different
positions within an interval of a selected double stranded

nucleic acid segment, and digestion of the selected double 10

stranded nucleic acid segment with a corresponding restric-

tion enzyme. Preferably, the interval is no greater than the
distance between a restriction enzyme recognition domain

and an enzyme cut site. The resulting double stranded

nucleic acid molecules having a single stranded overhang 15
sequence constitute a plurality of staggered double stranded

nucleic acid molecules. The single strand overhang

sequence in the staggered nucleic acid molecule may be
either 5' or 3'. Preferably, the number of nucleotides in the

overhang portion of the strand is in the range from about 2 20
to about 6 nucleotides depending on the enzyme used to

digest the nucleic acid segment.
The language "sequencing an interval within a double

stranded nucleic acid segment " is intended to include the

sequencing which occurs by identifying nucleotides n aad 25

n+x in a plurality of staggered double stranded molecules
produced from the selected double stranded nucleic acid

segment. This allows one Lo sequence all of the nucleolides

in a selected nucleic acid segment between the nucleotide n
and nucleoticle n+x. For example, for a class US restriction 30

enzyme, e.g., Fokl, that has a restnction enzyme recognition

domain nine nucleotides away from its enzyme cut site, e.g.,
x=9, starting with nine staggered double stranded nucleic

acid molecules will generate sequence information for all
nucleotides found in the interval between iiucleotide n and 35

nucleotide n+x.

The staggered double stranded nucleic acid molecules

having a single stranded overhang sequence can be prepared

by various methods. For example, they can be generated by
ligation of the initial nucleic acid segment to each of several 40
adapters with oflfeet class-IIS recognition domains (Wu R, T

Wu, R Anuradh, Enzy'molog)' 1987; 152:343-349). This

initial DNA segment to be sequenced can be a PCR product
or a vector insert. If the PCR product is amplified using a

DNA polymerase with terminal extendase activity, the 45

resulting single nucleotide 3' overhang can be removed

using a DNA polymerase with 3' exonuclease, such as T,|
DNApolymerase orPfu DNApolymerase, prior lo blunt end

ligation to adaptors (Costa G L, M P Weiner, Nucleic Acids
Research 1994; 22:2423). Offset recognition domains can 50

also be encoded into the amplification primers (Mullis K,

Faloona F, Scharf S, Saiki R, Horn G, Erlich H., Cold Spring

Harbor Symposia on Quantitative Biology, Cold Spring
Harbor Laboratory, LI:263-273), resulting in distinct ampli-

flcalion products wilh offset recognition domains. 55
'Here are a variety of ways in which offset recognition

domains can be appended to each of numerous inserts in a

DNA library. For example, if a complete digest were carried
out on geuomic DNA with the frequent cutter Sau3AI,

followed by a partial fill-in with dGTP and dATP, each insert so

would contain non-self-complementary DNA ends (Hung

M-C, P C Wensink. Nucleic Adds Research. 1984;
12:1863-1874). The vector could be digested with SaU and

undergo a partial flll-in reaction with clCTP and dTTP,

resulting in linearized vectors with non-self-complementary 65

DNA ends. In this case each insert DNAend is complemen-
lary lo each vector DNA end, so Ihal during DNA ligalion

with cut and partially filled-in inserts and vectors, the vast

majority of the resulting clones will contain one insert

(Zabarovsky E R, R LAllikmels. Gene. 1986; 42:119-123).

Following the isolation of individual clones, each insert can
undergo PCR amplification using primers that anneal to the

vector sequence, with one of the primers disabling the
Sau3Al site in one side of each amplified insert by having a

base mismatch to the Sau3AI site near its 3' end, or,

preferably, a melhylaled nucleotide in (he 3' end region of
the primer (this primer's 3' end encoding at least part of the

Sau3A] recognition domain (GATC), so that it will prime
efficiently and its methylated Ducleotide will block Sau3AI
cutting of this end of the PCR product, allowing cutting of

the opposite end of the PCR product). If the adenine is

methylated, cutting can be done using Mbol or DpnII, which
share the recognition domain of Sau3AI but are blocked by

dam methylation. Following digestion, one end of each

insert will have a four nucleoticle long end that can undergo
Ugation to an initial adapter, so that ligations to distinct

initial adapters can append staggered recognition domains
(for the class-IIS restriction endonuclease that wfll be used

for sequencing) to each of the numerous inserts in the

library.

An alternative approach is to generate a library of clones
using randomly sheared DNA. These DNA fragments can be

dephosphorylated and efBciently cloned with one insert per

vector using a vector Ibal requires inaclivation of a select-
able m arker by DNA insertion to be viable in a given E. coli

host (Bernard P. BioTechniqites. 1996; 21:320-323).
Allernativelya pool of inserts can be size selected over an

agarose gel prior to cloning into a vector (Fleischmann R D,

et al. Science. 1995; 269:496-512). Using either approach,
or other cloning strategies, each vector insert could be

amplified using one primer that contains a methylated strand
of the recognition domain for a restriction endonuclease that

recognizes a hemi-melhylaled domain but does not recog-
nize a non-methylated domain. This can be accomplished by
using a primer thai has one strand of Ihe recognition domain

sequence, with at least one melhylated aucleotide, so thai
cligestion with the corresponding restriction enclonuclease
will cut that one end of each amplified product, and no other

sites. This can be carried out by ampliflcation with a primer

that contains one strand of the recognition domain for Dpnl

(with a melhylated adenine). This strategy allows PCR
amplification with normal nucleotides, as PCR with normal

nucleotides effectively blocks internal Dpnl recognition
domains. Alternatively, each end could be amplified and

digested using the strategy of Padgell and Sorge (Padgett K
A, J A Sorge Gene 1996; 168:31-35), with either a regular

class-II restriction endonuclease or with a class-IIS restric-

tion endonuclease.
In this method, the opposite end of each nucleic acid

segment is shared between each of the initial template

precursors for a given nucleic acid segment to be sequenced.

Each initial lemplale precursor is allached lo a solid matrix.
A wide range of methods have been used to bind DNA to a

solid matrix. If the template precursor is a PCR product, one

primer can contain a moiety that is used to attach the PCR
product to a soUd matrix. For example, this primer can

contain a biotin moiely or another reactive moiety such as an

amine group or thiol group, permitting the allachment of the
PCR product to a solid matrix (Syvanen A C, M Bengslrom,

.1 Tenhunen and I-I Soderluocl, Nlicieic Acids Research 1988;
16:11327-11338; Slamm S, J Brosius, Nucleic Acids

Research 1991; 19:1350; Lund V, R Schmid, D Rickwood

and E Homes, Nucleic Acids Research 1988;

16:10861-10880; Fahy E, G R Davis, L J DiMichele, Ss
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Ghosh, Nucleic Acids Research 1993; 21:1819-1826; usd

Kohsaka H, A Taniguchi, D D Richmnan, D A Carson,
Nucleic Acids Research 1993; 21:3469-3472). The solid

matrix can be either immobile or dispersible. For example,
for a DNA segment with a biotinylaled end, an immobile 5

solid matrix can be an aviclin or streptavidin coated micro-

titer plate (Jeltsch A, A Fritz, J Alves, H Wolfes, A Pingoud,
Analytical Biocliemistry 1993; 213:234-240; Holmslrom K,

L Rossen, 0 F Rasmussen, Anaiytical Biodiemistry 1993;

209:278-283) or manifold support (Lagerkvist A, J Stewart, 10

M Lagcrstrom-Fermer, U Landegren, Proc Natl Acad Sci
USA 1994; 91:2245-2249). The most readily available dis.
persible solid matrix is beads that can be suspended through
shaking. Beads can be designed to be magneticaUy pelleted

(Lund V, RSchmid, D Rickwoocl and E Homes Nucleic 15
Acids Research 1988; 16:10861-10880, Hultmau T, S Stahl,

E Homes, M Uhlen Nucleic Acids Research 1989;

17:4937-4946, Dawson B A, T Herman, J Lough Journal of
Biological ChemisHy 1989; 264:l2830-12837)or they can
be pelleted through centrifugation (Syvanen A C, M 20

Bengstrom, J Tenhunen and H Sodelund, Nncleic Acids

Research 1988; 16:11327-11338; Stamm St, J Brosius,

Nucleic Acids Research 1991; 19:1350). Use of a dispersible
solid matrix diminishes steric obstacles in enzymatic

reactions, and facilitates removal of a small aliquot to be 25
amplified. An alternative approach that allows a small ali-

quot of a reaction to be removed and used as a template for
amplification is to use a melhod of reversible capture.

Reversible capture can be accomplished by using a cleav-
able linkage arm (such as a chemicaUy cleavable linkage 30

arm or a photocleavable linkage arm (Dawson B A, T

Herman, J Lough Journal of Biological Chemistiy 1989;

264:12830-12837, Olejnik J, E Krzymanska-Olejnik, K J
Rothschild, Nucleic Acids Research 1996; 24:361-366), by
using a primer-encoded DNA binding domain that can be 35

unbound by denaturation (Lew A M, D J Kemp, Nucleic

Acids Research 1989; 17:5859; Kemp D J, D B Smith, S J
Foote, N Samaras, M G Peterson, Proc NallAcad Sci USA

1989; 86:2423-2427; Kemp D J, Methods in Ensymology
1992; 216:116-126), or by the generation of a single 40

stranded end during PCR, as such an end can reversibly
anneal to its complement that is bound to a solid phase

(Newton C R, D Holland, L E HeplinstaU, I Hodgson, M D

Edge, A F Markham, M J McLcan, Nncleic Acids Research
1993; 21:1155-1162; Khudyakov Y E, L Gaur, J Singh, P 45
Patel, H A Fields, Nncleic Acids Research. 1994;
22:1320-1321).

Another important aspect of the invention is the adapter

employed within the present invention. An adaptor of the

invention is a double stranded or a single stranded poly- 50
nucleotide having one or more of a cycle identification tag,

a restriction enzyme recognition domain and a sequence

identification region. Preferably, the adaptor may also
include a detectable label, which in the particular embocli-

ment of FIG. 1 is Ulustralecl at the end opposite of the 55

sequence identification region.
As used herein, the language "a cycle identification tag "

refers to a unique nucleotide sequence that generates a

primer annealing site, and a primer can anneal either to the
unique sequence or its complement. The cycle identification 60
tag is of a length which aUows it to perform its intended

function. Examples of lengths include: from about 8 to about
60 nucleotides in length; from about 8 to about 30 or 40

nucleotides in length; and from about 8 to about 15 or 20

nucleotides in length. Ligation of this unique sequence to 65
each double stranded nucleic acid segment having the single

slrancled overhang sequence permits regeneralion of each

nucleic acid segment using primer-directed DNA ampli&-

calion in vitro (e.g., PCR), ameliorating the major limita-
lions inherent in ilerative methods for product generalion,

e.g., product losses and the accumulation of incompletely
processed products.

The language "restriction enzyme recognition domain "
has been defined above. In one embodiment of the invention,

the adapter contains only a single strand of a restriction
enzyme recognition domain, because a single strand of the

domain can function as a template for the generation of a

double stranded restriction enzyme recognition domain
through hybridization to its complement or through

template-clirected polymerase generation of its complement.
As used herein, the language "sequence identification

region " refers to a region used to identify nucleotide n
and/or nucleotide n+x in a selected nucleic acid segment.

Preferably, the region used lo identify nucleotide n and/or

nucleotide n+x is a protruding nucleoticle strand, e.g., a 5' or
a 3' nucleotide strand. In one embodiment of the invention,
the sequence identification region is capable of forming a

duplex with the single stranded overhang sequence of the

double stranded nucleic acid segment. Preferably, the
sequence identification region comprises a number of degen-

erate nucleotides, usually between 1 aud 4 degenerate nucle-

otides. In addition, the sequence identification region can

also include a fixed nucleotide, e.g., a nucleotide whose
sequence is known, at its most terminal nucleolide.

Preferably, at each cycle, only those adapters whose
sequence identification regions form duplexes with the

single stranded overhang sequence of the double stranded
nucleic acid segment, are hybridized to the one end of the

nucleic acid segment to form a ligated molecule.
As used herein, the term "a ligated molecule " refers to a

double stranded structure formed after the sequence identi-
fication region of an adapter and the single strand overhang

sequence of the nucleic acid segment anueal and at leasl one
pair of the identically oriented strands of the adapter and the

nudeic acid segment are ligated, i.e., are caused lo be

covalently ligated to one another. In one embodiment of the
invention, the ligated molecule is labeled with a defectable

label on at least one strand of the molecule and detection
occurs following the removal of an unligated labeled adap-

tor.

As used herein, the term "hybridization " refers to anneal-

ing of a nucleic acid sequence to its complement. Hybrid-

ization can occur in the presence of a non-annealing region
or a nucleotide analog. In one embodiment of the invention,
hybridization can also entail ligation. In another cmbodi-

ment of the invention, hybridization precedes ligation. The

term "ligation, " as used herein, refers to a ligation of two

molecules using conventional procedures known in the art.
Ligation can be accomplished either enzymatically or

chemically. Chemical ligation methods are well known in

the art, e.g.. Ferns et al., Nucleolides & Nucleotides,
8:407-414 (1989); Shabarova et al., Nncleic Acid Res.

19:4247—1251 (1991). Preferably, however, Ugalion is car-

ried out enzymatically using a ligase in a standard protocol.

Many ligases are known and are suitable for the use in the

present invention, e.g., Lehman, Science 186:790-797
(1974); Boyer, ed.. The Enzymes Vol. 15B (Academic Press,
New York, 1982). Preferred ligases include nucleic acid

Ugases, e.g., T4 DNA ligase, T7 DNA ligase, E. coli DNA
Ugase, Taq ligase, Pfu ligase and Tth ligase. Protocols for

their use are well known, e.g., Sambrook et al. Molecular

Cloning: A Laboratory Manual, 2nd Edition (cold Spring
Harbor Laboratory, New York, 1989); Barany, PCR Methods

and Applicalions 1:5-16 (1991). Generally, ligases are
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require that a 5' phosphate group be present for ligation to allows for amplification of that unique polynucleotide
the 3' hydroxyl of an abutting strand. This is conveniently sequence. In one embodiment of the invention, the primer
provided for at least one strand of the nucleic acid segment specilically anneals to Ihe unique sequence in a cycle
by selecting a restriction endonuclease which leaves a_5' identification tag and allows for amplitication of a ligated

phosphate^ e.g., a Fold restriction endonuclease. For 5 molecule. The primer is of a length which allows it to
example, T, DNAUgase is highly specific in its ability to perform its intended funclion. Examples of lengths include:
ligate the 3' end of one oligonucleotide to the phosphoiy- ^^ about g |Q about 60 micleotides m length';' from about

lated 5' end of another oligomiclcotide using ^ DNA g ^ ^out 30 or 40 nucleotides in length; and from about 8
templateLbe^use_amlsmatch.b6tween.lhe.ollgonucleotlde to'aboul-15or-20'DucieotidesuiTengfc"lDODe-6mbodimeDl

!^a^^bl!iTl^luTfcn^^reS.ll,?"ga;^ l" of 'the^mveDlion, 7pnmer-is-said^o' encode a'reslricdon
efficiency (Alves A M, F J Carr, Nucleic Acids Res 1988; '" ^^'^^"^^^",^i^":t7, ^^T^'l L".".','.-"
16:87"23,'' Wu"D"Y.'R'VwaUace' Gwe"19'89r'76:245^254'. endonuclease recognition domain if it contains a portion of

SomersVAMC, PTM, Moekerk;J J Murtagh, Jr:,~aad~FBJM that rcc°g°itkm domain, when Ihe primer undergoes primer
Thunnissen, NucieicAdds Research 1994; 22-A840-W1, extension to generate a complete strand of that recognition

and Samiotald M, M Kwialkowski, J Parflc and U domain.
Landegren, Genomics 1994; 20:238-242). This permils IS A strategy can be implemented to remove one of the
highly'seleclive ligalioa of an oUgonucleolide whose end amplifyiDg primers, and its complemeDt, from each product
nucleotide is complementary to the template at the ligation of amplification, e.g., PCR amplificalion, thus, preventing
junction, allowing template-direcled DNA ligation lo dis- the sequencing of DNA encoded by this primer.
criminate between single nucleolides in a designated posi- Selective removal of primer encoded sequence from a
tion of the DNA template. This forms the basis for point 20 PCR product can be accomplished by restriction endonu-
mutation discrimination by the ligasc chain reaction using clease digestion, without cutting internal recognition

either T, DNA ligase (Wu D Y, R B Wallace, Genomics domains, using the method ofPadgett and Sorge (Padgett K
1989; 4:560-569) or a heat-stable DNA ligase (Barany F. A, J A Sorge, Gene 1996; 168:31-35), as described herein.
Proc Natl Acad Sci USA 1991; 88:189-193). E. coh DNA Alternatively, a primer can encode the recognition domain

ligase can also discriminate between mismatches at a liga- 25 for a restriction endonuclease that requires a methylated
tion junction (Kato K, Nilcleic Acids Research 1996; nucleotide for cleavage, and recognizes a hemi-methylated

24:394-395), and other DNA ligases can be anlicipalecl to recognition domain (see Example 4). Using this strategy,

share this characleristic. The ligase chain reaction, and only Ihe primer direcled end is cut by Ihe restriction endo-
related earlier methods for nucleotide discrimination using a nuclease because only the primer encoded recognition

DNAUgase, detect point mutations at a single position. Each 30 domain is methylated. Therefore, this strategy does not

position assessed requires a unique set of annealing require substitution of a free methylated nucleotide for its
oligonucleotides, so that a method based solely on DNA normal counterpart in the PCR mixture, or the recognition

ligation steps can only provide very limited sequence infor- domain to contain less that all four nucleolides in a given

malion. strand, distinguishing it from the method of Padgett and

In another embodiment of the invention, template- 35 Sorge.

directed polymerizalion is used instead of templale-clireclecl Technology for removing pnmer encoded sequence from

ligation described above. For example, double stranded PCR products can also be used to facilitate the generation of
molecule having a single stranded overhang sequence gen- initial nucleic acid segments from clone libraries. For

eratecl following Fold digeslion can be sequencecl by example, Ihe reslriclion endonuclease recognition domain
template-clirected polymerization in the presence of four 40 can be incorporated into the vector adjacent to or within

deoxynucleotide terminators (e.g. ddNTPs), each lagged several basepairs of each vector insert, as already described
with a distincl fluorescent label. Following polymerization so that following PCR amplification, restriction endonu-

and washing, which removes unincorporated terminators, cleasedigestion is used to remove primer encoded sequence,
identification of the incorporated terminator can be accom- prior to Ugalion of initial adapters (containing ofiset recog-

plished by fluorometry, revealing the sequence of nucleotide 45 nition domains for the class-IIS restriction endonuclease

n in the nucleic acid segment, recognition domain used for sequencing). This will facilitate
After adapter ligation, an enzyme recognizing the adaptor sequencing of clone libraries because sequencing cycles will

via the enzyme recognition domain digests the ligated not be wasted sequencing the removed primer encoded end
molecule at the site one or more nucleotides from a ligation of PCR amplified vector inserts. Once a class-IIS recogni-

site along the nucleic acid segment leaving a double 50 lion domain is discovered that requires a methylated nucle-

stranded molecule having a single strand overhang sequence otide and recognizes a hemi-methylated recognition domam,
corresponding to (he cut cite capable of participating in the the strategy of using a methylated primer to hemi-methylale

next cycle of legation and cligestion. the recognition domain in only that primer encoded end of
As used herein, the term "amplify " refers to an in vitro a PCR product wUl be he predominant method for removing

method which can be used lu generate multiple copies of a 55 an enlire primer sequence from PCR proclucls in those

nucleic acid, e.g., a DNA duplex or single-stranded DNA applications for which current class-IIS restriction endonu-

molecule, its complement, or both. Amplification cleases are used, including for the generation of site-directed

techniques, therefore, include both cloning techniques, as mutants and recombinant constructs. (Beck R, H Burtscher,
well as PCR based amplificalion techniques. Preferably, the Niicleic Acids Research 1994; 22:886-887; SlemmerW P C,

nucleic acid amplification is linear or exponential, e.g., PCR 60 S K Morris, B S Wilson, BioTechniques 1993; 14:256-265;

amplification or strand displacement amplificalion. These StemmerWP C,SK Morris, CR Kautzer,BSWikon, G'ene

techniques are well known to those of skill in the arl. 1993; 123:1-7; Tomic M, I Sunjevaric, E
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sequence at or near its 3' end during oligouucleotide syn-
thesis. dUPT can prime from the extreme 3' end of a primer

even when mismatched (Kwok S, S-Y Chang, J J Sninsky,

AWang, PCR Methods and Applications 1994; 3:S39-S47).
Uracil DNA Glycosylase is used to cleave the N-glycosylic

bond between the deoxyribose moiety and uracil, resulting

in an abasic site (Varshaey U, T Hutcheon, J H van de Sande,

J Biol Chem 1988; 263:7776-7784). Subsequent heating
hydrolyzes the DNA strand at this site, generating a phos-
phorylated 5' end at the nucleotide located immediately 3' to

the dUMP in the original primer, and this phosphorylated 5'
end can undergo DNA ligalion (Day PJ R, M R Walker,

NttdeicAcids Res 1991; 19:6959, Liu H S, H C Tzeng, Y J
Liang, and Cc Chen, Nucleic Acids Res 1994;

22:4016-4017). Heating to hydrolyze the primer at the
abasic site also removes nucleotides located 5' to the dUMP

in the original primer, resulting in a 5' phosphorylaled end

with a 3' overhang sequence.
An alternative method for removing the primer uses a

primer with a 3' terminal ribose residue. A3' terminal ribose

residue is incorporated into the primer using the RNA

residue as the solid support during standard phosphoramidite
synthesis, and the 3' terminal ribose does not interfere with

PCR amplificalion (Walder R Y, J R Hayes, J A Walder,
Nucleic Acids Res 1993; 21:4339-4343, Silveira M H, and
L E Orgel, Nucleic Acids Res 1995; 23:1083-1084). Fol-
lowing PCR amplification, a ribose linkage is created in the

PCR product thai can be readily cleaved by alkaline treat-
ment or by digestion with RNase A for 3'-terminal ribose

residues that are C or U. Cleavage of the ribose linkage

results in a 3' overhang sequence.

Using either method for primer removal, generation of a
blunt end suitable for ligation to an adapter can then be

accomplished by incubating with a single-strand 'specific

exonuclease (e.g. Mung bean exonuclease), or with a DNA

polymerase wilh a 3' exonuclease activity (e.g. T4 UNA
Polymerase) in the presence of the four dNTPs (StokerAW,
Nucleic Acids Res 1990; 18:4290), permitling the removal of

a primer sequence and its complement from PCR products

prior to sequencing. Following adaptor Ugation, a subse-
quent PCR step can use the Ugated adaptor to generate a
primer annealing site, so that only successfully ligated

products are regenerated. Using any of the above strategies,
with or without removal of one of the initial primers and its

complement, initial template precursors can be generated.
As is described more fully below, in the course of such

cycles of ligation and digestion, preferably the first or

farthest impaired nucleolide the first unpaired nucleotide in

the overhang sequence of the double stranded nucleic acid

segment is identified. For example, this nucleotide can be
identified using an adapter with a deteclable label. As used
herein, the term "deteclable label " refers to a material that

can attach to a DNA molecule and generate a signal. The
adapters may be labeled by a variety of means and at variety

of locations. The adapters of Ihe invention can be labeled by

methods known in the art, including the direct or indirect

attachment of radioactive labels, fluorescent labels, colori-

metric labels, chemiluminescent labels and the like. as

described in Matthews et al.,A/iff/. Biodiem., Vol. 169, pgs.

1-25 (1988); Haugland, Handbook of Fluorcscenl Probes
and Research Chemicals (Molecular Probes, Inc., Eugene,

1992); Keller and Manak, DNA Probes, 2nd Edition
(Stockton Press, New York, 1993); and Eckstein, editor,

Oligonucleotides and Analogues: A Practical Approach (IRL

Press, Oxford, 1991); Wetmur, Critical Reviews in Bio-
chemistry and Molecular Biology, 26:227-259 (1991); and
the like. Many more particular melhoclologies applicable to

the invention are disclosed in the following sample of
references: Connolly, Nucleic Acids Research, Vol. 15, pgs.
3131-3139 (1987); Gibson et al., Nucleic Adds Research,
Vol. 15, pgs. 6455-6467 (1987); Spoat et al., NncleicAdd.'s

5 Research, Vol. 15, pgs. 4837-4848 (1987); Fung el al., U.S.

Pat. No. 4,757,141; Hobbs, Jr. et al., U.S. Pat. No. 5,151,
507; Cruickshank, U.S. Pat. No. 5,091,519; (synthesis of

functionalized oligonucleotides for attachment of reporter

groups); Jablonski et al., Nucleic Acid Research,

10 14:6115-6128 (1986) (enzyme-oligonucleotide conjugates);
and Urdea et al., U.S. Pat. No. 5,124,246 (branched DNA).

Preferably, the adapters are labeled with one or more fluo-

rescent dyes, e.g., as described in U.S. Pat. No. 5,188,934

and PCT application PCT/US90/05565. In a preferred
15 embodiment of the invention, the adaptor is attached to a

solid matrix, such as a magnetic particle, e.g., magnetic
streptaviclin or magnelic glass particle, polymeric

microsphere, filler material, or the like.
FIGS. 1, 2, 3 and 4 illustrate four embodiments of the

20 present invention. PIG. 1 illustrates the use of a class-IIS

restriction endonucleasc that generates a 5' overhang, and

sequences a nucleotide at each interval by template-directed
ligation. In FIG. 1, this embodiment is illustrated using the

class-IIS restriction endonuclease Fold, and the template
25 precursor has a biotiuylated end that allows it to be bound to

streptavidin. In Step 1, the template precursor is cleaved
with Fokl. Fok I has the following recognition domain and

cut site:

5' GGATG (N)g
30 3' CCTAC (N)^

Fokl generates a four nucleotide long 5' overhang positioned

nine nucleotides away from one side of the recognition

domain, so that sequencing can be carried out in intervals of

nine nucleotides. Fok I digestion cleaves both strands of the
35 double-stranded DNA, generating a DNA template with a 5'

overhang sequence. The bound templale is washed lo

remove the cleaved ends. In Step 2 the 5' overhang sequence
mediates ligation to one of four adapters. These adaplors
contain the sequence for the recognition domain for Fok I

40 and have an adjacent four micleofide long and phosphory-

lated 5' overhang consisting of three nucleotides with 4-fold

degeneracy and a 5' terminus with one of the four normal

nucleotides. Since the four adaptors each have three degen-

eratc nucleotides and four distinct 5' terminal nucleotides,

45 there are 256 distinct sequences. The adapters shown are

double-stranded, because this increases the ligation
efficiency, probably due to stacking interactions (Lin S-B, K

R Blake, P S MiUer, Biochemistry 1989; 28:1054-1061). In
this embodiment of the method there is one ligation reaction

50 during each sequencing cycle. In each ligation, all four

adapters are present, and each adaptor is preferably lagged
with a distinct fluorescent label (e.g. Fama-NHS ester,

Rox-NHS ester, Tamra-NHS ester, or Joe-NIIS ester;

Applied Biosystems Division of Perkin-Elmer, Foster City,
55 CaUf.); each label identifying the nucleotide at Ihc single-

stranded 5' end of the adaptor. Ligalion occurs for the

adaptor for which the above mentioned 5' nucleolide is

complementary to the nucleotide on the 5' end of the DNA

template at the ligation junction. Following ligation, and

60 washing to remove the unligated adapters, identification of
the ligaled adaptor can be accomplished by fluorometry,

revealing the sequence of the DNA template at the ligalion
junction (Step 3). In step 4, the Ugated template from Step

2 undergoes PCR amplification using a biotinylated primer

65 and using a primer that is complementary to a unique portion
of the adaplor's Ugatecl lower strand. An alternative

approach would sequence via ligalion of Ihe adaplor's upper
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strand. In this approach, the fixed nucleotide in the single 1994; 22:4259-4267 and Cauard B and R S Sarfati, Gene
strand extension in each adaptor is the fourth riucleotide 3' 1994; 148:1-6), an intact double-stranded segment can be
to the 5' end. The label is preferably in the upper strand, and generated, without nicks, using a DNApolymerase with a 5'
this label identifies the lower strand's fixed nucleoticle in the exonuclease activity, in a nick translation reaction (Rigby P

single strand overhang, with the remaining nucleotides in 5 W J, M Dieckmann, C Rhodes, P Berg Mol. Biol. 1977;
this single strand being promiscuous nucleotides 113:237-251). Such nick translation could occur with con-
(degenerate or universal nucleot.ides). In this embodiment of current hemi-methylation of internal recognition domain for
the invention, one of the primers would be homologous to a (he class-IIS restriction endonuclease using the primer
unique portion of the adapter's ligated upper strancL extension strategy of Han and Rutter,(Han J, Rutter W J,

This unique region, and its corresponding amplification ^ Nucleic Acids Res 1988; 16:11837).

primer, may differ during every sequencing cycle, or during " ]f (he upper strand of the adaptor is ligated, an intacl

every several sequencmg cycles. By using ligated adaptors double-stranded segment could be generated, without nicks,
and corresponding amplifying primers that differ in each by using a DNA polymerase to generate the complement to

cycle, uncut products from Step 1 are not amplified, pre- (he adapter's ligated upper strand. This polymerization
venting uncut products from generating background signal ^ could occur with concurrent hemi-methylation of the adap-

io subsequent cycles. The PCR product is bound to " tor encoded recognition domain for the class-HS restriction

streptavidin, and the entire process is repeated sequencing endonuclease using Lhe polymerase extension in the pres-
a nucleotide nine nucleotides within the original nucleic add ence of a melhylaFed nucleolide (when sequencing with a

segment during each cycle of cutting, template-directed class-IIS restriction endonuclease'that recognizes'a herfli-
Ugation and arapUfication of the desired template precursor methylated recognition domain; also, if the'ligated upper-

During Step 1 of the subsequent cycle digestion with Fokl " strand's recognition domain sequence were methylated,-both

cleaves both strands of the DNA and generates a new 5' strands of the recognition domain would be melhylated

overhang sequence with each strand shortened by nine using this method). If the adaptor were double-stranded, the
nucleotides when compared to the template at the end of the ualigaled lower strand of the" adapter could be digested by

prior Step 1 (This shortening of th^ template precursor ^ nick translation using a DNA polymerase with 5' exonu-

followmg each cycle is not shown in FIGS. l-4y _ ~ clease activity, or by "using a DNA polymerase with strand
Additional steps can be taken to increase the efficiency of displacement activit

each slep, and may prove necessary in implementing a FIG. 2 illuslrales a second embodiment of the sequencing
protocol that does not use amplificalion to regenerate the method of (his invention wherein a class-HS restriction

template precursor during each cycle. These additional steps ^ endonuclease generates a 3' overhang, and sequences a

include: nucleotide at each interval by template-directed ligalion. In
1) Treating the template with alkaline phosphatase fol- FIG. 2, this embodiment is illustrated using the class-IIS

lowing restriction endonuclease cutting (Step 1 of FIG. restriction endonuclease BseRI, and the template precursor
1). This de-phospborylates the 5' end of each template, has a biotinylated end that allows it to be bound to strepta-

preventing ligalion of one template to another. 35 vidin. In Step 1, the template precursor is cleaved with

2) Using adaptors with upper strand 3' ends that are BseRI. BseRI has (he following recognition domain and cut
blocked by a 3' phosphale or blocked by a 3' dideoxy sile:

nucleotjde. This prevents ligation of one adaplor to 5' GAGGAG (N)io

another during Step 2 of the method of FIG. 1. 3' CTCCTC (N)g
3) Incubating with a DNA polymerase and the four 40 BseRl generates a two nucleoticle long 3' overhang posi-

ddNPTs following the adapter ligation step (Step 2 in tioned eight nucleotides away from one side of the recog-

FIG. 1). This fills in the recessed 3' end of those nilion domain, so that sequencing can be carried out in

templates that escaped adapter ligation, and caps these intervals of eight nucleotides. BseRI digestioD cleaves both
ends so that they cannot undergo ligation (Atkinson M strands of the double-stranded DNA, generating a DNA

R, M P Deutscher, A Kornberg, A F Russell, J G 45 template with a 3' overhang sequence. The bound template
Moffatt, Enzymalic Synthesis of DNA 1969; is washed to remove the cleaved ends. In Step 2 the DNA
8:4897-4904). This additional slep prevents templales template (3' overhang sequence) undergoes ligation in the

thai failed to undergo adapter ligalion during a given presence of four adaptors. These adapters contain the
cycle from undergoing adaptor ligalion in subsequent sequeace for the recognition domain for BseRI and have an

cycles, thus elirainaling background signal resulting 50 adjacent two nudeotide long 3'overhang consisting of one

from incomplele ligation of templates. nucleotide 4-fold degeneracy and a 3' terminus with one of

4) Retained fluorescent label resulting from incomplete the four normal nucleotides. Since (he four adapters each

cutting by Fok I can be quenched by photo-bleaching have one degenerate nucleotide and four distinct 3' terminal

immediately prior to Step 1, or through cleavage of the nucleotides, there are 16 distinct sequences. The adapters

label by using a labile linkage (DawsonB A, T Herman, 55 are double-slranded, because ihis increases Ihe ligalion
J Lough Journal of Biological Cliemistry 1989; efGciency. There is one ligation reaction during each

264:12830-12837, Olejnik J. E Krzymanska-Olejnik, sequencing cycle. In each liga.tion, all four adaptors are

K J Rothschild Nucleic Adds Researdi 1996; present, and each adaptor is preferably tagged with a distinct
24:361-366) thus decreasing background fluorescent fluorescent label; each label identifies the single-stranded

signal from previous cycles. 60 nucleotide at the single-stranded 3' end of the adapter.
If the lower strand of the adapter is Ugated, and the upper Ligalion of the upper strand of the adaplor occurs if the

strand's 3' end is not blocked, non blocked and added later, above mentioned 3' nucleotide is complementary to the
or is de-blocked (via dephosphorylaling a 3' phosphale, nucleotide on the 3' end of the DNA template at the ligation

Cameron V, 0 C Uhlenbeck Biochemisfry 1977; junction. Followmg ligation and washing to remove the

16:5120-5126 or, 
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4, the ligated template from Slep 2 uudergoes PCR ampli- clease activity, or by using a DNA polymerase with strand

fication using a biotiuylated primer and Tising a primer that displacement activity.
is homologous to a unique portion of the adaplor's ligated II' the lower strand of Ibe adaplor is ligated, an inlact

upper strand. If the lower strand underwent the ligation double-stranded segment could be generated, without nicks,

reaction that sequenced the DNA, by using an upper strand 5 by using a DNA polymerase with a 5' exonuclease activity,

that had its fixed nucleotide in its 3' single stranded portion in a nick translation reaction (Rigby, P W J, M Dieckmann,
of the adapter immediately adjacent to the double-stranded C Rhodes, P Berg Mo1. Biol 1977; 113:237-251) using the

portion of the adapter, the non-biotinylated primer would be upper strand of the adapter as a primer. Such nick translation
complementary to a unique portion in the ligated adapter's could occur with concurrent hemi-methylation of internal

lower strand. This unique region, and its corresponding 10 recognition domain for the class-IIS restriction endonu-

amplification primer, may clifler during every sequencing clease using the primer extension strategy of Han and Rutter

cycle, or during every several sequencing cycles, preventing (Han J, Rultcr W J Nlicleic Adds Res 1988; 16:11837).

uncut products from a prior cycle from generating back- FIG. 3 shares with FIG. 1 the use of a class-IIS restriction

ground signal in subsequent cycles. The PCR product is endonuclease that generates a 5' overhang, but sequences a
bound to streptavidin, and the entire process is repeated, 15 nucleotide at each interval by template-directed polymer-
sequencing a nucleotide eight uucleotides further within the ization instead of templale-directed ligation. In Step 2 of

original nucleic acid segment during each cycle of cutting, FIG. 3, the DNA template generated following Fok] diges-
template-directed ligation, and in vitro ampUficafcion of the tion is sequenced by template-directecl polymerization in the

desired template precursor. During Step 1 of each subse- presence of four deoxymicleotide terminators (e.g. ddNTPs),

quent cycle, digestion with BseRI cleaves both strands of the 20 each tagged with a distinct fluorescent label. Following
DNA and generates a new 3' overhang sequence with each polymerization and washing, which removes unincorporated

strand shortened by eight nucleotides when compared to the terminators, identification of the incorporated terminator can
template at the end of the prior Step 1. be accomplished by fluorometry, revealing the sequence of

Another step can be taken to prevent templates that do not one nucleotide in the DNA template, as shown in Step 3.

undergo ligation during a given cycle from undergoing is Step 4 illustrates the ligation of an adapter containing the

ligation in a subsequent cycle. Following adaptor Ugation sequence for the recognition domain for Fok I and an
(Slep 2 of FIG. 2) incubation wilh alkaline phosphatase will adjacent Ihree nucleotide long 5' overhang consisting of

dephosphorylate the 5' end of those lemplates thai did not three nucleolides with 4-fold degeneracy. The ligalion illus-

undergo ligation to an adapter, preventing these templates (rated in FIG. 3 is template-directed but is not used to

from undergoing adapter ligalion in subsequent cycles. If 30 discriminate between nucleotides at the ligation junction.

amplification (Step 4 of FIG. 2) is not used, following Since the single adapter has three degenerate nuclcotidcs,

ligation of the adaptQr's upper strand (Step 2 of FIG. 2), the there are 64 distinct sequences. The adaptors shown are
lower strand of the DNA being sequenced can prime double-stranded, as this increases the ligation efficiency. The

template-directed polymerase extension using a DNApoly- amplification shown in Step 5 of FIG. 3 corresponds to Step

merase with a 3' exonuclease activity, in the presence of the 35 4 of FIG. 1, except that the amplifying primer is homologous
four dNTPs recognizing Ihal the DNA polymerase prefer- to the Ugated strand of the adaptor, which is the upper slraDd

ably has a 5' exonuclease activity or a strand displacement in FIG. 3.
activity if ihe adaptor has a lower strand. This will Since the upper strand of Ihe adapter undergoes ligalion,

re-synthesize the lower strand of the attached adapter, an intact double-stranded segment could be generated, \vith-

eliminating the nick and any mismatches while generating a 40 out nicks, by using a DNA polymerase to generate the
template precursor. Also, those templates which did not complement to the adapter's ligated upper strand. The lower
undergo adapter ligation will be rendered blunt ended by the strand of the DNA segment being sequenced can de-blocked

3' exormclease activity of the DNA polymerase preventing (via dephospborylating a 3' phosphale, or by the method

adapter ligation in subsequent cycles. When using a rcstric- described in Mctzker M L, Raghavachari R, Richards S,

tion endonuclease that generates a 3' overhang, a terminal 45 Jacutin S E, Civitello A, Burgess K and R A Gibbs, Nucleic
transferase can be used to add a single dideoxy nucleotide to Acids Res. 1994; 22:4259-4267 and Canard B and R S

the end of the template. This terminal nucleotide can act as Sarfati, Gene 1994; 148:1-6), allowing il to act as a primer.

a barb in a hook to help hold the adapter in place, as each This polymerization could occur with concurrent hemi-
adapter can share a nucleotide complementary to the methylation of the adapter encoded recognition domain for

dideoxy nucleotide in each adaptor's anDealing strand, so 50 the class-IIS endonuclease using the polymerase extension

that this will increase the efficiency of adaptor ligation. In in the presence of a methylated nucleotide (when sequencing
this case, sequencing occurs in an interval that is one with a class-IIS restriction endonuclease that recognizes a

nucleotide shorter than the distance between the recognition hemi-methylated recognition domain; also, if the ligated

domain and the cleavage domain. upper-strand's recognition domain sequence were

When a DNApolymerase is used lo generate tbe comple- 55 melhylaled, both strands of the recognition domain would be

ment to the adapter's ligaled upper strand, this polymeriza- methylated using this method).

tion may be performed with concurrent bemi-melhylation of In the strategy illustrated in FIG. 3, if Ihe class Il-S
the adapter encoded recognition domain for the class-IIS restriction endomiclease generates a single nucleotide 5' end

endonuclease using the polymerase extension in the pres- extension, template-directed polymerizatioa will generate a

ence of a mcthylated nuclcotide (when sequencing with a 60 blunt end, so that adaptor ligalion is blunt ended, as opposed
class-IIS restriction endonuclease that recognizes a hemi- to the template-directed ligation illu
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generate a recessed 3' end that can undergo (emplate-
directed polymerization, incorporating a labeled nucleotide
and once again generating a blunt end that would undergo
ligation lo the adaplor (Atkinson M R, M P Deulscher, A

Kornberg, A F Russell, J G Moffatt Enzymatic Synthesis of 5

DNA 1969; 8:4897-4904, Englund P T Journal of Biological
Chemistiy 1971; 246:3269-3276). In this case, the template

is formed fleetingly, through the 3' exonuclease activity of a
DNA polymerase during the exchange reaction that consti-

tutes the DNA sequenciog step. If the incorporated labeled 10
terminator inhibits adapter ligation, only a fraction of a

given terminator needs lo carry a label, and only a fraclion

of a given template needs to undergo labeling, because only
a fraction of a template must undergo adaptor ligation to

allow regeneration of the desired template precursors by 15
DNA amplification in vitro. This illustrates how product

regeneration allows separation of the template generation

and template sequencing elements of this method without

physical separation of these elements into separate aliquots.
FIG. 4 illustrates a variation of the method of FIG. 3 in

which the overhang appended to the adaptor-encoded

sequence is allached lo a solid phase. ID Ihis variation, the
PCR primer Ihal varies between cycles carries the biolin

moiety. Following Fold cutting, the end encoded by the
adaplor is altached to the solid matrix, and a nucleotide in

this end is sequcnced by template-directed polymerization.

In addition, this end could be sequenced by lemplate-
directed ligation, in which case the class-IIS restriction

endonuclease could generate a 5' overhang or a 3' overhang.
Another variation thai could be carried out would be to

combine sequencing by template-clirected polymerizalion
with sequencing by template-directecl ligalion. For example,
if the adapter undergoing template-direcled ligalion in Step

4 of FIG. 4 were a sequencing adapter, as shown in FIG. 1,
sequencing could be accomplished by template-directed

ligation and template-directed polymerizalion during each
cycle using the same template precursor. Also, it is clear that

the process of sequencing each template can be separated

from the process of generating each template, so that a Fokl

generated four nucleotide overhang could be sequenced, for

example, by template-directed ligation and in a separation
reaction by fill-in with labeled ddNTPs.

Variants of protocols shown in FIGS. 1-4 not requiriug
the exponential amplification step (Step 4 of FIGS. 1 and 2
and Step 5 of FIGS. 3 and 4) can be developed using steps
thai optimize completion of each step and thai "cap "

incomplete reactions, as described previously in conjunclion
with striding. For example Mmel has a recognition domain

thai is separated from its cleavage domain by 18 bp.

Therefore, one could sequence over a span of 90 nucleotides
over five iteralive cycles, as opposed to only 5 nucleoticles

when using a method that sequences consecutive nucle-

Glides. Other measures that may increase the number of

sequencing cycles that can be carried oul without using

exponential in vitro amplification, include:

1) Modification of a restriction endonuclease recognition

domain by use of a base analog to improve binding to

the restriction enzyme, so that a modified double-
stranded oligonucleotide binds to its restriction endo-

nuclease more effectively than the naturally occurring

recognition domain (Lesser D R, M R Kurpiewski, T

Waters, B A Connolly, and L Jen-Jacobson, Natl. Acad.
Sci. USA 1993; 90:7548-7552). Using a ligaled adaptor
with a modified class-IIS recognition domain may

improve restriction enclonuclease binding and cutliDg
efficiency. For example, a hybrid restriction endonu-

clease could be generated in which a protein Ihat

28
recognizes a certain DNA sequence or moiety is
attached to the cleaving domain of a class-IIS reslric-
tion endonuclease, generating a new specificity with a
defined distance between a cleavage domain and a
recognition domain (Kim Y G, J Cha, S

Chandrasegaran, Proc. Natl. Acad. Sci. USA. 1996;
93:1156-1160).

2) Ligating adapters that are coviilently attached to a
class-IIS restriction endonuclease. A variety of

enzymes have been covalently attached to oligonucle-
otides (Jablonski E, E W Moomaw, R H Tullis, J L Rith,
Nucleic Adds Res 1986; 14:6115-6128, Li P, P P
Medon, D CSldngler, JALanser, R H Symons, Nucleic
Adds Res 1987; 15:5275-5287, Ghosh S S, P M Kao,
D Y Kwoh,Anfl/ Biochem 1989;78;178:43-51). Use of
a double-stranded recognition domain with the class-

US restriction endonuclease attached to it could be used
to target cutting to the cleavage domain adjacent to the

Ugated adapter's recognition domain, so long as buffer

conditions during the prior ligation do not permit
cutting. Since the restriction endonuclease would only
be positioned immediately adjacenl to Ihe desired rec-

ognilion sile, digeslion would not be mediated by

internal recognition domains, so that methylation of
internal recognition domains would not be necessary.

3) Using a class-IIS restriction endonuclease that requires

a methylated recogmlion domain, and will recognize a
hemi-melhylaled recognition domain. In Ihis case, the

recognition domain can be hemi-methylated during
adaplor ligation using an adaptor strand that contains a
methylated strand of this domain, so that only this

recognition domain would be recognized. A class-IIS
restriction endonuclease that requires a methylated

recognition domain could be used in this method and

would be advantageous, as it would obviate the need to
block internal recognilion domains for Ihis class-IIS

restriction endonuclease.
Reslriclion endonucleases and DNA ligases have been

used in this invention, but different enzymes or reactive

chemicals could be used to generate the lemplates described
in this invention. Mutated enzymes that carry out the same

role can substitute for their naturally occurring counterparts

(Kim J J, K T Min, M H Kim, S J Augh, B-D Dim, D-S Lee

Gene 1996; 171:129-130). Furthermore, various entities can

45 substitute for DNA Ugase and restriction endonucleases.

Templale-directed ligation has carried out through chemical
condensation (Gryaznov S M, R Schultz, S K Chaturvedi, R
L Letsinger, Nucleic Acids Research 1994 22:2366-2369,

Dolinnaya N G, M Blumenfeld, I N Merenkova, T S

50 Oretskaya, N F Krynetskaya, M G Ivanovskaya, M Vasseur
and Z A Shabarova, Niicleic Acids Research 1993;

21:5403-5407, Luebke K J and P B Dervan, Niicleic Acids

Research 1992; 20:3005-3009), and site-specrfic cleavage

of DNA has been accomplished using oligouucleotides

linked lo reaclive chemicals or non-specific nucleases (Lin
S-B, K R Blake, P S Miller Biochemistry 1989;

28:1054-1061, Strobel, S A, LA Doucette-Stamm, L Riba,

D E Housman, P B Dervan, Science 1991; 254:1639-1642,
Francois J-C, T Saison-Behmoaras, C Barbier, M

Chassignol, N T Thuong, C Helene, Proc. Natl. Acad. Sci.
USA 1989; 86:9702-9706, Pei D, D R Core.y, P G Schullz,

Proc. Natl. Acad. Sci. USA 1990; 87:9858-9862). Non-

protein enzymes have also been used to manipulate DNA, as
ribozymes have mediated both the cleavage and ligation of

DNA (Tsang J, G F Joyce, Biochemistry 1994;
19:5966-5973, Cuenoud B, J W Szostak, Nature 1995;

375:611-614).

40

55



5,858,671
29 30

Nucleotide analogs have been used in a variety of
functions, aud template-directed ligation could be mediated

by aclaplors with single-slranded ends conlaining universal

nucleotides or discriminatory nucleotide analogues (T.oakes
D, D M Brown, Nucleic Adds Research 1994;

22:4039-4043, Nichols R, P C Andrews, P Zhang, D E
Bergstrom, Nature 1994; 369:492-493). In addition, modi-

fled nucleotides other than methylated nucleotides have been

found that block recognition by restriction endonucleases,

and can be mcorporatecl through primer-dircctcd DNA syn-
thesis (Huang L-H, C M Famet, K C Ehrlich, M Ehrlich,
Nucleic Acids Research 1982; 10:1579-1591, Seela F, W

Herdering, A Kehne Helvetica Chimica Acta 1987;
70:1649-1660, and Seela F, A RoUng, Nucleosides and

Nucleotides 1991; 10:715-717).
Technology now exists for the generation of a thousaud

distinct DNA segments at oae time using the polymerase

chain reaction (PCR), thus allowing the concurrent genera-
tion of a thousand DNA template precursors. Development

of technology for template precursor generation is facilitated

by present methods for the concurrent generation of multiple

oligonucleotides, as oligonucleotides serve as primers for
template precursor generation through DNA amplification in

vitro (Caviana Pease A, Solas D, SuUivan E J, Cronin M T,
Holmes C P, Fodor SPA, Proc Natl Acad Sci USA 1994;
91:5022-5026). Micro-chip based technology will allow the
amplificalion of over 10,000 distinct DNA segmenls, each
conlaining several hundred base pairs of DNA (ShofEner M

A, J Cheng, G E Hvichia, L J Kricka, P Wilding, Nucleic
Acids Research 1996; 24:375-379, and J Cheng, Shoffner M

A, G E Hvichia, L J Kricka, P Wilding, Nncleic Acids
Research 1996; 24:380-385). This will allow a large portion
of the human genome of an individual to be sorted on a

biochip. Rapid technical progress in DNA sample generation

creates a need for technology that can rapidly and accurately
sequence arrayed samples ol'DNA in parallel. This invention

addresses the need for technology that can sequence thou-

sands of distinct DNA samples in parallel.

Technology for generating double-stranded template-
precursors via PCR, and for the fluorometnc assessment of

thousands of locations on a chip, will allow the sequencing
of several thousand PCR products simultaneously using this

invention, allowing large amounts of DNA to be sequenced

using repetitive incubations in simple rcagents. The template
precursors can be bound to a silicon chip or contained in a

matrix of chambers, so that cycles of adaptor ligation,
template-directed DNA polymerization for ampliflcation or

sequencing, and cutting can be carried out on numerous
templates in parallel.

TechDology that has been developed for the simultaneous

assessment of thousands of locations on a chip wfll facilitate

the simultaneous sequencing of these templates. For
example, a microchip has been designed for the quantitative
detection of DNA labeled with fluorescent. chemilumines-

cent or radioaclive reporler groups (Eggcrs M, M Hogan, R
K Reich, J Lamlure, D Ehrlich, M Homs, B Kosicki, T

Powdrill, K Beattie, S Smith, R Varma, R Gangadharan, A
Mallik, B Burke and D Wallace, BioTechmques 1994;
17:516-524). This microchip consists of a charged coupled

device (CCD) detector that quantitatively detects and images
the distribution of labeled DNA near spaliaUy addressable

pixels. DNA has been deposited onto a silicon wafer with a
micro-jel using DNA with an amine modified 5' end, which

is linked to the Si02 surface by secondary amine formation.
This immobilized DNA is on an Si02 wafer overlying the

pixels of the charged coupled device. A prototype 420x420

pixel device has been developed thai can analyze 176,400

samples in parallel, enabling the detection of thousands of
label incorporation events on a square centimeter chip

(Eggers M, M Hagan, R K Reich, J Lamlure, D Ehrlich, M
Hollis, B Kosicki, T Powdrill, K Beattie, S Smith, R Varnia,

5 R Gangadharan, A Mallik, B Burke and D Wallace, Bio-

Techniques 1994; 17:516-524).
Technology that will farther enhance the utility of the

present invention include hybriclization based approaches

for sorting genomic DNA (as opposed to sequencing by

10 hybridization) into unique restriction fragments, which can
then be amplified at their addresses using a single set ofPCR

primers (Chctvcrin A B, F R Kramcr, BioTechnology 1994;
12:1093-1099). In the future, it wiU be possible to apply the

present invention to the sequencing of large portions of

15 genomes for which there is no prior sequence information

without cloning in vivo (e.g., in E. coil). New innovative
hybridizalion based strategies have been proposed that use

oligonucleotide arrays (o sort restriction endonuclease gen-

erated fragments on the basis of their unique sequences. In
20 one strategy, genomic DNA undergoes complete restriction

endonucleasc digesrion. This is followed by Ugation of the

DNA ends to adaptors. These restriction fragments are

sorted on a hybridization array of oligouucleotides through

annealing to the adapter sequence as weU to unique adjacent

25 sequences in the DNA fragments. This is followed by a
ligation step that requires perfect complemeutarity of the

unique sequence adjacent to Ihe adaptor, resulting in sorting
of the reslriclion fragments inlo unique addresses on the

biochip. An additional step repeats this strategy using the

30 opposite end of each fragment. These sorted fragments can
then be PCR amplified in situ using a single set of primers

that anneal to the adaptor sequences (Chetverin A B, F R

Kramer, BioTechnology 1994; 12:1093-1099). Integrating
this hybridization-based technology into the present method

35 will allow the sequencing of gcnomes using a single set of

PCR primers without prior sequence infonnalion.
An area of technology development that can also be

useful to the applicalion of the proposed method is oligo-
micleotide synthesis from the 5' to 3' direction (Coassin PJ,

40 J B Rampal, R S Matson International Workshop on

Sequencing by Hybridization (Woodlands, Tex.) 1993;
Report 8). This will allow amplifying primers to be manu-

factured on a chip. These bound primers could be used to

amplify PCR products, as it has recently been confirmed that
45 a primer can mediate PCR ampliflcation while bound to a

solid immobile matrix (Kohsaka H, D A Carson, Journal of

Clinical Laboratory Analysis 1994; 8:452-455).
Kits

A variety of kits are provided for carrying out different

50 embodiments of the invention. Generally, kits of the inven-

tion include adaptors tailored for the enzyme, e.g., a class US
restriction endonuclease. and the detection scheme of the

particular embodiment. Kits further include the enzyme
reagents, the ligation reagents, PCR amplification reagents,

55 and instructions for praclicing Ihe particular embodiment of
the invention. In embodiments employing natural protein

endonucleases and Ugases, ligase buffers and enclonuclease

buffers may be included. In some cases, these buffers may be
identical. Such kits may ako include a methylase and its

60 reaction buffer. Preferably, kits also include a solid phase

support, e.g. magnetic beads, for anchoring target DNA

segments. In one preferred kit, labeled ddNTP's are pro-
vided. In another preferred kit, fluorescently labeled probes

are provided such that probes corresponding to different
65 terminal nucleotides of probe or the target polymicleotide

carry distinct spectrally resolvable fluorescent dyes. As used

herein, "speclrally resolvable" means that the dyes may be
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distinguished on basis of their spectral characterislics, par- hand portion of the diagram and these are passed to the

ticularly fluorescence emission wavelenglh, under condi- support array 10 by automated control in the order for

lions ul' operation. Thus, the idenlity of Ihe one or more performing the sequencing chemislry describeil herein.

terminal nucleotides would be correlated to a distinct color, Sequencing occurs either following lemplate-directecl adap-
or perhaps ratio of intensifies at different wavelengths. More 5 tor ligation (as described for Embodiments 1 and 2 in
preferably, four such probes are provided that allow a relation to FIGS. 1 and 2 herein) or following lemplate-

one-to-one correspondence belween each of four spectrally directed polymerizalion (as described in relation to FIGS. 3

resolvable fluorescent dyes and the four possible terminal and 4). Simultaneous retrieval of sequence information from
nucleotides on a target DNA segment. Sets of spectrally several thousand templates following templale-directed

resolvable dyes arc disclosed in U.S. Pat. No. 4,855,225 and 10 incorporation of a label, is then done by reader 50. Reading

5,188,934; International application PCT/US90/05565; and can be accomplished concurrently using a charge coupled
Lee el al., Nucleic Acids Research 20:2471-2483 (1992). device, which is illustrated on the top of FIG. 8, or may be.

Automation of Iteralive and Regenerative DNA Sequencing performed in a slower scanmng fashion by stepping the

The foregoing sequencing steps, being iteralive, may be array past a line of scintillation or other detectors. By
automated and appUed in parallel to an arbitrary number of 15 operating with a support array in which the DNA segments

separate samples. Such automation permits the sequencing are immobilized in a small area and volume, a relatively

method lo generale a large amount of sequence informalion, strong signal is obtained free of the spreading and cross-

and this information is further enhanced by the subinterval reading losses inherent in gel sequencing or migration-

or adjacency order existing between the products ofsucces- dependent methods.

sive steps, as well as in a multiplex scheme, the immobilized 20 As described elsewhere herein, the method preferably
spatial locations in which sequencing occurs, includes a regeneration step. Illustratively, following the

FIG. 8 shows a schematic outline of the overall arehitec- adaptor ligation step, an aliquot from each address under-

ture of a system 100 for automating sequencing according to goes PCR amplification in order to regenerate a template
the presenl invention, which is preferably implemented by a precursor for the next sequencing cycle. The appropriate

processing apparatus 20 which operates on support arrays 10 25 primer sets and PCR mix are applied and the array under-

such as microtiter plates or specially fabricated chip arrays goes a number of incubations. Preferably the device 20 has
that consist of an array of wells, chambers or surface a healed stage with a Pellier cooler lo accurately and quickly

im mobilization positions each capable of holding a DNA cycle the array through Ihe required amplification regimen,

sample at a localized site. Device 20 performs four general or the array may pass to a separate processing chamber, e.g.
types of operations in parallel on the DNA segments in the 30 an air oven thermal cycler of conventional type, for PCR

support array 10, and these are shown schematicaUy as amplification as illustrated on the bottom of the diagram.

separate classes of processes arrayed in stations or func- Following incubation with a reagenl or PCR amplificalion,
tional groupings 30, 40,50, 60 around the central device 20. the DNA segments are frequently magnetically pelleted and

As shown, the four basic processes involve the addition of washed to remove the reagent and any byproducts prior to a
reagents 30, washing, separating or preparation steps 40, 35 subsequent step. The magnet and wash buffer are illustrated

reading the labeled segments at 50, or incubatioa and by device processes or subassembly 40 on the righl hand

amplification steps at 60. These are schematically illustrated portion of FIG. 8.
as four separate workstalioos Ihrough which Ihe support Once the necessary sel of adapters and primers for culling

array 10 is shuttled or moved, but are preferably imple- and ampUfication sels have been determined, the process
merited with varying degrees of integration inlo the basic 40 steps are straightforward, and well-defined nucleotide deter-

array handler 20. Thus, for example, the array 10 may stay minations are achieved with smaU amounts of sample. The

in position on a stage to which the necessary conduits or support arrays may thus carry a large number of sites. A chip
manifolds are attached for addition of the reagents and or group of chips with 90,000 defined addresses will for

washing of the samples, and which may be heated or cooled example, allow the amplification of 90,000 DNA segments

in cycles to incubate and amplify all materials on the support 45 using PCR. Simultaneous ampliflcation of a large number of

at once. Similarly, for reading, a charge couple device may samples may be done with a robotic thermal cycler using the
be carried wilh appropriate optics by the device 20 to read approach of Meier-Ewert S, E Maier, AAhmadi, J Curtis, H

the labeled material in each sample well between successive Lehrach. An automated approach to generating expressed
steps, or may be integrated into a cover plate or the structure sequence catalogues. Nature 1993; 361: 375-376 and

of the sample support. In either case, each of these subunits 50 Drmanac S, R Drmanac. Processing of cDNA and genomic

oraccessory portions of the system operates under control of kilobase-size clones for massive screening, mapping, and
a common controller 70 which coordinates the movement, sequencing by hybridization. BioTechniques 1994; 17:

heating, provision of reagents and reading of the various 328-336, as applied to PCR. The inveuliou also contem-

steps so that the readout of nucleotide labels by the reading plates that the support be a microchip, in which case the
section 50 is slored and recorded for Ihe DNA samples al 55 teachings of PCR amplification on a microchip by several

each location on the array 10. invesligalors are modified to include multiplex PCR ampli-
As noted above, each of the DNA segments which are to ficalion feahires for carrying out the melhods described here.

be analyzed, which may, for example, be PCR products or See, for example Wilding P, M A Shoffer, L J Kricka. PCR

vector inserts, is immobilized so that it resides at a unique in a silicon microslruchire. Clinical Chemistry 1994; 40:

address on the chip or support 10, and several hundred to 60 1815-1818; Shouffner M A, J Chcng, G E Hvichia, L J
thousands of DNA segments are distributed on the chip. Kricka, P Wilding. Chip PCR. I. S
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P Man, J R Webster, B N Johnson, B Foerster, D Jones, Y removed by using an analogous hedgehog comb device as
Fields, A R Kaiser, D T Burke. Microfabricated structures reported in RosentliaIA, 0 Coutelle, M Craxton. Large-scale
for integrated DNA analysis. Proc. Nail. Acacl. Sci. USA production of DNA sequencing lemplalcs by microlitre

1996; 93: 5556-5561. format PCR. Nucleic Add Research 1993; 21: 173-174, or

Automated sequencing is described below for a chip with 5 by using a blotter to retain a small portion from each of the

90,000 addresses using a protocol for Embodiment 1. One of sample sites, followed by washing out of the remaining
the primers in each PCR ampUfication is biotinylaled, allow- contents. PCR amplification is then performed using these

ing these products to be bound to magnetic streptavidin. The retained aliquots as the templates. Other methods for retain-
opposite primer contains the recognition domain for Pokl ing a small aliquot can be implemented such as a low

restriction endormclease. If Fokl is used as the restriction 10 intensity magnetic separation, or by using a chip with

endonuclease, and sequencing is done in intervals of nine chambers shaped or positioned in relation to the flow path to
nucleotides, nine initial templates are generated for each of retain a small aliquot by mechanical means when supcrna-

10,000 DNA regions to be sequenced. This is accomplished tant is removed (e.g. with a lip).
by using primers with offset Fold restriction endonuclease Alternatively, to prevent the accumulation of PCR procl-

recognition domains, as described extensively elsewhere 15 uct during successive sequencing cycles, the automated
herein. In the case where the DNAsamples to be sequeacecl device may be operated to retain only a smaU amount of

are vector inserts, primers are generated thai anneal to the each PCR product for subsequeDt steps. This can be done by

vector, so that only a few primers need to be synthesized to using a streptavidin coated manifold as reported in
sequence the 90,000 DNA segments. Lagerkvist A, J Stewart, M Lagerstrom-Fermer, U Lande-

Following PCR amplification, the DNA segments are 20 gren. Manifold sequencing: Efficient processing of large sets

bound to magnetic streptavidin and magncticaUy pelleted, of sequencing reactions. Proc. Natl. Acad. Sci. USA 1994;
washed, and incubated with Fokl in the corresponding buffer 91: 2245-2249 and inserting the manifold into the amplifi-

at 37° C., resulting in generation of the initial templates. cation mixture to bind a smaU proportion of the biotinylated

After magnetic pelleting and washing, the 90,000 initial PCR products. In this case, the manifold-bcmncl DNA seg-

templates are incubated with a DNA ligase and the four 25 ments are then moved to and dipped into individual reagents

sequencing adapters, each with a unique label. Following in subsequent steps, rinsing the manifold with wash buffer

magnetic pelleting and washing slep lo remove unligaled between sleps, so thai whfle PCR amplification occurs in the

adapters, the ligated adaplor at each address is identified, for chip, other steps are carried using DNA segments Ihal are

example with an automated reader using a charge coupled bound to the manifold.
device. This is done in one embodiment by imaging the 30 Removal or retention of an aliquot may also be effected by

support array onto a CCD, and using automated analysis of using a cleavable linkage, e.g. a chemically- or photo-

the image pixels to threshold and read the luminescent cleavable linkage arm such as reported in Dawson B A, T
labels, or by the approach described in Eggers M, M Hogan, Herman, J. Lough: Affinity isolation of transcriptionally

R K Reich, J Lamture, D Ehriich, M HolUs, B Kosicki, T active murine erythroleukemia cell DNA using a cleavable
Powdnll, K Beattie, S Smith, R Varma, R Gangadharan, A 35 biotinylated nucleotide analog. Journal of Biological Chem-

Mallik, B Burke, D Wallace. A microchip for quanlilalive islry 1989; 264: 12830-12837, and Olejnik J, E
detection of molecules utilizing luminescent and radioiso- Krzymanska-Olejnik, K J Rothschild: Photocleavable biotin

tape reporter groups. BioTechniques 1994; 17: 516-525 or phosphoramidite for 5 '-end-labeling, afliiiity purification

Lamture J B, K L Beattie, B E Burke, M D Eggers, D J and phosphorylalion of synthetic oligonucleotides. Nucleic
Ehrich, R Fowler, M A Hoffis, B B Kosicki, R K Reich, S 40 Acids Research 1996; 24: 361-366. In this case the cleav-

R Smith, R S Varma, M E Hogan. Direct detection ofnucleic able linkage is employed for a portion, e.g. a small fraction,
acid hybridization on the surface of a charged coupled of the linkages used to attach the ligated DNA to the solid

device. Nucleic Acid Research 1994; 22: 2121-2125. support or matrix. Cleavage then releases only the
Following reading of the labels, new templatc-precursors cleavably-bound DNA, permitting removal of a controlled

are regenerated by PCR amplification, bound to magnetic 45 portion of the DNAproducts. The PCR process may also be

streptavidin, magnetically pelleted, washed, and cut with conlrolled by renderiag much of the DNA product inacces-
Fold, generating a new set of templates corresponding to the sible to primer anealing and extension, for example by
previous set of templates but with each strand shortened by binding the DNA to a non-dispersible solid matrix or by

nine nucleotides when compared to the prior corresponding pelleting a dispersible matrix. This takes advantage of the

template. 50 observation that immobilization of a nucleic acid component

PCR amplification is preferably earned in such a way as during PCR amplification reduces the efficiency of DNA
to limit "noise." This may be accomplished by amplifying amplification during solid phase PCR. Kohsaka H, D A

only a small portion of each ligation mixture to prevent Carson. Solid Phase Polymerase chain reaction. Journal of
successive exponential PCR amplifications from generating Clinical Laboratory Analysis 1994;8:452-455.

an accumulalion of products during successive sequencing 55 FIG. 8 illuslrales the reagenl supply scclion 30 of the

cycles. Obtaining a small aliquot from each ligation mixture device to also contain DNA polymerase and ddNTPs. These

for PCR amplification is performed in an automated fashion have not been mentioned in the above description, but are

by device 20, and this can be accomplished by one of several used in the sequencing methods of Embodiments 3 and 4
techniques: removal or retention of an aliquot of the ligalion described above with relation to FIGS. 3 and 4, using labeled

mixture. 60 ddNTPs. In the method of FIG. 3, the automated apparatus
Removal of an aliquot for PCR amplification may be done is operated so that following Fokl digesrion, magnetic

by use of a dispersible solid phase, such as magnetic binding, and washing, the DNAtcmplates are incubated with
streptavidin. In a microtiter plate embodiment a 
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microprocessor data handler to note the additional nucle-
otide or nucleotides read at each site. Then, an adapter is
ligaled lo each of the lemplales. This is followed by PCR

amplification which regenerates the next set of template

precursors for the next sequencing cycle. 5
The above described automated process is highly ef5-

cient. By using unique aclaptors and corresponding ampli-
fication primers during each sequencing cycle, about twenty

sequencing cycles can be carried out, resulting in the

sequencing of 180 nucleotides, of which typically at least 10
160 nucleolides will lie outside the primer in the end being

sequenced. Thus, providing these DNA segments do not

contain an internal Fokl recognition domain, the above-
described steps will generate 1,600,000 nucleotides of new

sequence from a single 100x100 well chip. Since the Fokl 15

recognition domain has a five bp recognition domain, it is

predicted lo occur approximately every 1000 bp (4 =1024)

in random sequence. If the average size of each amplified

fragment lying between the amplifying primers is 300 bp,
then about 30% of the DNA segments to be sequenced will 20

contain an internal Fold site and will not be successfully

sequenced using only this simple protocol. Thus, in DNA

sequences with a random distribution of equal numbers of
GGATG ducleotides, about 70% of the fragments will be

successfully sequenced, resulting in the sequencing of 25
approximately 1,120,000 aucleotides rather than 1,600,000.

lliis processing obstacle imposed by pre-existing Fold
recognition domains may be addressed by hemi-methylating

these recognition domains. The methods described in FIGS.
1 and 3 do not provide for the hemi-melhylation of those 30

Fold recognition domains that lie outside the adapter

encoded domain. Prior studies such as Looney M C, L S

Moran, W E Jack, G R Feehery, J S Benner, B E Slatko, G
G Wilson. Nucleotide sequence of the Fokl restriction-

modification system: Separate strand-spedficity domains in 35

the melhyllransferase. Gene 1989; 80: 193-208 have shown
that hemimelhylalion of the Fokl recognition domain pre-

vents culling from being mediated by these domains.

However, since each strand of the Fold recognition domain
contains all four nucleotides, the PCR based method 40

described by Padgett and Sorge in Padgett KA, JASorge.
Creating seamless junctions independent of restriction sites

in PCR cloning. Gene 1996; 168: 31-35 cannot be used to

hemi-methylate such internal sites. Rather, when carrying
out the invention with Fokl, hemi-methylation requires the 45
use of the method of Han and Rutter described in Han J,

Rutter W J. \gl22S, a phage expression vector for the
directional cloning of cDNAby the use of a single restriction
enzyme Sfil. Nucleic Acids Res 1988; 16: 11837 as noted

above. 50

The method is thus augmented by the following step:

Following PCR amplification, binding to slreptavidin and

magnetic pelleting, the non-biotinylated strand is removed
by deaaturalion and magnetic pelleting, followed by wash-

ing to remove reagenls and primers. Since Fokl culling 55

requires a double-straaded recognition domain, as reported
by Podhajska A J, W Szybalski. Conversion of the Fok I

endonuclease to a universal restriction enzyme: Cleavage of

phage M13mp7 DNA at predetermined sites. Gene 1985; 40:
175-182. this site is recreated, and the internal Fokl sites are 60

hemi-methylated, by using a primer conlaining the Fokl

recognilion domain. This primer is complementary to the
lower stand of the ligated sequencing adaptor up to the

degenerate or universal nucleotides e.g., through the adenine

moiety in the Fokl recognition domain, as shown, and 65
polymerization occurs using four nucleotides except thai

N6-melhyl-dATP substituted for dATP. Tliis process Ihus

regenerates the adaplor encoded Fokl recognition domain
and hemimethylales those recognition domains that lie iuter-

mil lo the sequencing aduplor CDCdded domain. 'ITie DNA

segments, once hemi-methylated, are then sequenced by the
automated steps described above.

The invention contemplates a number of practical imple-

mentations of novel chip-based support arrays for carrying

out the described steps in an automated manner.
Chips that house 50,000 DNA segments can be generated

by microfabrication of microchambers using photolithogra-

phy following the approaches and teachings of Wilding P, M

A Shoffaer, L J Kricka. PCR in a silicon microstructure.

Clinical Chemistry 1994; 40: 1815-1818; of Kikuchi Y, K
Sato, H Ohld, T Kaneko. Optically accessible microchannels

formed in a single-crystal silicon substrate for studies of
blood rheology. Microvascular Research 1992; 44: 226-240;

of Woolley A T, R A Malhies. Ullra-high-speed DNA frag-

ment separations using microfabricaled capillary array elec-
trophoresis chips. Proc. Nail. Acad. Sci. USA 1994; 91:

11348-11352; of Baxter G T, L J Bousse, T D Dawes, J M

Libby, D N Modlin, J C Owicki, J W Farce. Microfabrication

in silicon microphysiometry. Clin. Chem. 1994; 40:
1800-1804; of Kricka L J, X Ji, 0 Nozald, P Wilding.
Imaging of chemiluminescent reactions in mesoscale

silicon-glass microstructures. J. Biolumin. 1994; 9:
135-138; or may be fabricated using molded or etched

polymers as described by Matson R S, .1 Rampal, S L .lr.
Pentoney, P D Anderson, P Coassin. Biopolymer synthesis

on polypropylene supports: Oligonucleotide arrays. Analyti-
cal Biochemistry 1995; 224:110-116. Alternatively, chip
addresses may be separated by hydrophobic borders which

may, for example, be implemented with conventional

sample cell construction techniques or formed by processes
of lilhography and chemical treatment. Movement of the

reagents to and from this chip can be done using.pumps as

reported in Burns M A, C H Maslrangelo, T S Sammarco, F

P Man, J R Webster, B N Johnson, B Foerster, D Jones,Y
Fields, A R Kaiser. D T Burke. Microfabricaled struclures-

for integrated DNA analysis. Proc. Nail. Acad. Sci. USA
1996; 93:5556-5561 and in Wilding P, J Pfahler, H H Bau,
J N Zemel, LJ ICricka. Manipulation and flow of biological
fluids in straight channels micromachined in silicon. Clinical

Chemistry 1994; 40: 43-47. Alternatively, fluids may be

brought to the sites by centrifugal force.

In this case the overall requirements for conduits, valves

and wash-out passages may be substantially reduced, as it is

only necessary to supply each reagent or solution to a central

position communicating with the array. The array itself may
mount in a shallow tray or cover assembly which effectively

channels the flow to the array sites. In general, the sequenc-
ing method of the invention does not require the transfer of
small amounts of liquids through capillaries, and therefore

avoids many of the technological obstacles resulting from

shearing forces encountered in low diameter capillary flow,

as reported in Wilding P, J Pfahler, H H Bau, J N Zemel, L
J Kricka. Manipulation and flow of biological fluids in

straight channels micromachined in silicon. Clinical Chem-

istry 1994; 40: 43-47.

FIG. 9 shows an embodiment of a system 100 in which

movement of reagenls onto chips is effected by cenlrifugal
force. In this device, the chips 10' are on a tumtablc.

Reagents are placed closer to the center of the turntable, and
rotating the turnlable drives the reagents radially outward

directly to one or more chips. Centrifugal force also allows

reagents to be removed from chips. A chip or chip holder

itself is preferably configured for flow-through operation to

simplify and eahance [he removal of reagenls (see, e.g.,
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Beattie K L, W G Beattie, L Meng, S L Turner, R Coral-
Vazquez, D D Smith, P M Mclntyre, D D Dao. Advances iu

genosensor research. Clinical Chemistry 1995; 41:
700-706).

In the device 110, illuslratively set up for the processes 5

described herein, nine support arrays Un, lib, . . . llz are
located around a rotating stage with each communicating at

a radially innermost corner with a correspondiag flow sup-

ply conduit 12a, Ylb, . . . 12?'. Outlets (not shown) may be

to a common drain. Thus each support array in this device 10

embodiment may receive a separate set of reagents. For
example, the nine arrays may be initially loaded with

identical DNA samples in each respective well, and then all

samples in an array processed to produce templates offset by

a fixed x, with x={l,2 ... 9} different for each array. Once 15

the nine sets of templates on the corresponding supports

have been created, running the sequencing process steps of
the present method then produces a continuous micleotide
sequence for each of the initial segments.

When performing the amplification steps, during 20

incubations, the magnetic strcptavidin bound DNA can be
suspended by shaking or by magnetic oscillation as
described in the Product information on MixSepc. Signs

Research, Inc. Brea, Calif. To retain a small portion of the
magnetic particles prior to the addition of PCR reagents and 25

PCR ampUflcation, the magnetic pelleting can be adjusted

electrically. In the chip embodiment, PCR thermal cycling is

very e£5cient, since heat transfer occurs rapidly over short
distances. The thermal cycler can be a Peltier heater-cooler
device built into the stage, a set of fixed temperature plates 30

or baths which are successively placed in thermal contact

with the chips, or an air oven (see, for example, Meier-Ewerl
S, E Maier, AAhmadi, J Curtis, H Lehrach. An automated

approach to generating expressed sequence catalogues.
Nature 1993; 361: 375-376; Drmanac S, R Drmanac. Pro- 35

cessing of cDNA and genomic kilobasc-size clones for

massive screening, mapping, and sequencing by hybridiza-
tion. BioTechniques 1994; 17: 328-336; Wilding P, M A
Shoffner, L J Kricka. PCR in a silicon microstnicture.
Clinical Chemistry 1994; 40: 1815-1818; and Shouffiier M 40
A, J Cheng, G E Hvichia, LJ Kricka, PWilding. Chip PCR.
I. Surface passivation of microfabricated silicon-glass chips
for PCR. Nucleic Acid Research 1996;24:375-379. Read-

ing the identity of incorporated label can be carried out using

a charge coupled device, as described above, or using a 45

fluorescent microscope, fiber-optic detectors, biosensors,

gas phase ionization detector, or a phosphorimager as
described in Kinjo M, R Rigler. Ultrascnsitive hybridization
analysis using fluorescence correlation spectroscopy.
NucleicAcid Research 1995; 23: 1795-1799; Mauro J M, L 50

K Cao, L M Kondracki, S E Walz, J R Campbell. Fiber-optic

fluoromelric sensing ofpolymerase chain reaction-amplified

DNA using an immobilized DNA capture protein. Analytical
Biochemistry 1996; 235: 61-72; Nilsson P, B Persson, M

Uhlen, P Nygren. Real-time moniloring of DNA mauipula- 55
tions using biosensor technology. Analytical Biochemistry
1995; 224: 400-408; Eggers M, U EhrUch. A review of

microfabricated devices for gene-based diagnostics. Hema-
tologic Pathology 1995; 9: 1-15.

Even without special biochip microfabrication, the mcth- 60

ods of the present invention are aclvantageously imple-
mented in a device that operates in a microtiter plate format.

In this case the construction of the subassemblie.s for the
scintillalion counting of multi-well microtiter plates and for

the automated picking of colonies into the wells, as well as 65

the necessary reagent introduction and thermal cycling to

aroplify DNA simultaneously in multiple mulli-well micro-

titer plates, aUows the simultaneous amplificalion, treatment

and reading of the array of samples. Indeed, with prior art
subassemblies handling 120 plales, each with 384 wells,

46,080 samples may be processed simultaneously.
Therefore, the sequencing protocol estimated to sequence

160 nucleotides in a clone insert would sequence simulta-

neously 204,800 nucleotides from 1280 clones using a

single 120 plate thermal cycler, 384 well scintillation

counter, one radiolabel, a 384 pin transfer device (e.g., a

hedgehog comb) and a robotic pipettcr. [46,080 wells/9
initial templates=5120 samples; 5120/4 ligations=12SO
samples (clones). 1280 clones x 160 nucleotides,/clouc=204,

800 nucleotides]. (Meier-Ewert S, E Maier, AAhmadi, .1
Curtis, H Lehrach. Nature 1993; 3631:375-376.)

With the foregoing overview of the organization of a

method and apparatus for large scale or multiplex processing
of colleclions of segments, a detailed description will now

be given of several embodiments of the sequenciDg method

as applied to a single segment.
This invention is further illustrated by the following

Excmplification which should not be constmed as limiting.

The contents of aU references and published patents and
patent applications cited throughout the application are

hereby incorporated by reference.

Exempli&catioD
Experimental Strategy

The present invention allows one to sequence numerous
DNA segments in parallel without running a gel. It is an

iterative method that aUows one to sequence DNA in fixed

intervals of greater than one nucleotide, and provides a

means for regenerating Ihe desired DNA segment following
each ilerative cycle. This is accomplished by Ihe iterative

application of a DNAligase and an enzyme, e.g., a class-IIS

restriction endonuclease, to generate templates for DNA

sequencing. One simple schematic is outlined below.

DNA with
overhang

Ligation to an adapter
containing a US restriction

endonuclease recognition
domain -s,

^ ^
^,

IIS restriction

endonuclease
digestion

D

In each cycle, adapter ligation to one end of the DNA

segment is followed by class-IIS restriction endonuclease

cutting. The recogiiition domain of the class-IIS restriction
endonuclease is encoded by the ligated adaptor, allowing

restriction endonuclease digestion to trim the DNAsegment,

generating a new overhang sequence. One or both strands of
an aclaptor can be ligated, or one or both ends of a single-

strand hairpin adaptor can be ligated. Also, one strand of an

adapter can be ligated followed by hybridization, without

ligation of the complementary slrand, to generate a double-
stranded recognilion domain. Ileralive cycles generale a

series of single-slrand overhangs, each conslituting a DNA
template. The single-stranded overhangs are separated by
fixed intervals that are Umited by the distance between the

recognition domain and the cut site in the cleavage domain

for the class-IIS restriction cndonuclease encoded by the

ligated adapter. This method exploits the separation of the
cleavage domain and the recognition domain of class-IIS

restriction endonucleases by allowing the sequencing in
strides limited only by the distance between the recognition

domain and the cleavage domain cut sites, distinguishing it

from other ileralive approaches. Since each DNA lemplale is
a short single-stranded region attached to doublc-slranded
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DNA, these single-strands have little opportunity to form

secondary structures, providing a considerable advantage

over competing methods.
The overhang generated after each cycle constitutes a

DNA template that is sequenced in one of a variety of ways.

One way uses template-directed DNA ligation to discrimi-

nate between nucleotides at the ligatioa junction, allowing

this ligation to generate sequence information. This is illus-
trated below:

40
(degenerate or universal) at the ligalion junction, so that this

ligatiou is not used to discriminate between nucleotides at

the ligalion junclion, and therefore does nol generate

sequence information. Ligation of the adaptor is followed by
class-IIS restriction endonuclease trimming, generating a 5'

overhang sequence. The 5' overhang has a recessed 3' end,
forming a subslrate for lemplate-directed DNApolymeriza-

tion. Template-clirected polymerization occurs in the pres-
ence of each of the four labeled nucleotide terminators (e.g.

Template-directed ligalion to

one of four adaptors sharing a
[IS restriction endonuclease
recognition domain, each

adapter distinguished by a lag
Identifying the nudeotide at
the ligation juucEion

WIEU — —*^—'••""—"••——..,.„..—,.......,„.„„„„,, —^

ovemans

Identification of
ligated adapter
by dectectionof
the tag -<^

^

US restriction
end onucl ease
digestion

D

Successful ligation requires that an adapter's single-

stranded end be complementary to the double-strandecl
DNA's single-slranded overhang sequence at the Ugation

junction. Four adapters (or adapter subsets) are used during
each ligation, with each of the four adapters differing at the

nucleotide positioned to undergo ligation at the template-
directed ligation junction. Ligation to one of the four adap-

tors and identification of that adapter allows identification of
the nucleotide at the ligation junction, thus generating

sequence informalion. SequenciDg can be accomplished by
fluorometry using adaptors tagged with distinct fliuoresceDt
labels. This is followed by class-IIS restriction endonuclease

mediated end trimming of the DNA using the recognition

domain encoded by the ligaled adaptor. This recognition

domain is positioned so that cleavage results in the removal

of nucleotides from each strand of the DNA, creating a new

template for subsequent templale-directed ligation to one of

four adapters or adapter subsets. This strategy can use an
enzyme, e.g., a class II-S restriction endonuclease, that

generates either a 5' or a 3' overhang sequence, as either type
of overhang can serve as a template for lemplate-directecl

ligation.
Another approach uses template-directed polymerization

instead of templale-direcled ligation lo sequence DNA. In

this case, adapter ligation can be template-directed but is not
used to discriminate between nucleotides at the ligation

junction. Sequencing occurs through a separate template-

directed DNApolymerization step. In order to use template-

directed polymerizalion to sequence the overhang sequence,

the overhang must be a 5' overhang, since lemplate-directed

polymerizalion requires a recessed 3' end. A simple sche-

malic of this approach is outlined below.

ddNTPs). These nucleotide terminators can each have dis-

tinct fluorescent lags, so that following incorporation of one
of these labeled nucleotide terminators, a fluorometer can

25 identify the incorporated nucleotide (Prober J M, Trainer G

L, Dam R J, Hobbs F W, Robertson C W, Zagursky R J,

Cocuzza A J, Jensen M A, Baumeister K., Science 1987;
238:336-341). Iterative cycles of adaptor ligation and US

cutting create new templates for sequencing by template-
30 directed polymerization.

One obstacle inherenl in ilerative methods thai generate a

product is that even if the constituent enzymatic steps
approach 100% completion, incompletely processed prod-

ucts can accumulate to significant levels. For example,
35 during oligonucleotide synthesis of a 70-mer, requiring 69

couplings, a 99% coupling efficiency results in only 50% of

the generated oligonucleotides being full length (0.99 =
0.50). The present invention eliminates this problem by

allowing one to sequence in intervals of greater than one
nucleotide. For example, the Fold recognition domain is

separated from its cleavage domain by nine nucleotides.

Using a Fokl based protocol, single-strand overhangs can be

generated in each cycle that are separated by nine nucleotide
long intervals over time and space, so that five cycles will

allow one to span 45 nucleolides, instead of just five

nucleotides using an ileralive method that sequences con-
secutive nucleotides (e.g. the base addition DNA sequencing

scheme). This is lermecl striding, as it covers a considerable
stretch of DNA wilh few iteralive steps. Sequencing single

nucleotides in intervals of greater than one nucleotide

requires Ihe sequencing of the nuclcotides that fall within

each interval. One sequencing method generates DNA tem-

plates separated by intervals of nine nucleotides, and

45

Ligadon lo an
adapter containmg
a US restriction
endonuctease
recognition domain

^ _ _'\

QSrestrictiou
endonuclense

^ digcslion ^
-"^ ^

Temptnte-duected
polymerization with

the four nucleotide

extension terminators
each with a distinct
label

Identification
of incorporated

^ label
y )

Ligation can be lemplate-direcled, occurring using an

adapter with a promiscuous uucleotide or nucleotides

65
sequences a single micleolide in each template, by making

nine initial lemplates for each DNA segment being
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sequenced,such that sequencing these nine initial templates mismatches, nicks, and displaced ends lying between the
will sequence nine adjacent nucleotides. The nine initial recognition domain and the cleavage domain following

templates can be generaled by ligating one end of each DNA adaplor ligalion. Thus, cutting efficiencies need not

segment to be sequenced to nine distinct aclaptors in nine approach 100%; this method allows one to use lower con-
separate ligalions, each adaptor containing a Fokl recogni- 5 centrations of restriction endonuclease that preferably cut

tion domain, with these domains ofiset from each other by with very high specificity (>99.9%) for the canonical rec-

one base pair when comparing acljacenlly positioned recog- ognition domain (Fuchs R, R Blakesley, Methods in Enzy-
nition domains. In one embodiment, the DNA segment to be mology 1983; 100:3-38). Furthermore, this method works
sequenced is generated by PCR amplification, and ofl'set weU even when DNA ligation is inefGcient, as when ligating

recognition domains are incorporated during PCR amplifi- 10 fragments with a single nucleotide overhang, because the

cation by encoding the recognition domain into one of the desired template precursor can be readily amplified over one
amplifying primers according to the method of Mullis K, million fold using PCR amplification. Also, following fill-in

Faloona F,ScharfS,SaildR, Horn G,ErlichH., Cold Spring with labeled ddNTPs, even if the label interferes with
Harbor Symposia on Quantitative Biology, Cold Spring ligation, only a fraction of those filled in would need to be

Harbor Laboratory, LI:263-273. When the DNA samples to 15 labeled, as product regeneration through amplification in

be sequenced are vector inserts, as in a genomic or cDNA vitro does not require a large proportion of the filled-in
library, a set of initial template precursors can be generated product to undergo efficient ligation. The remaining product

for each DNA insert to be sequenced using a single set of could either not undergo flU-in (in the presence of low
initial adapters. For example, following digestion with a numbers of labelled ddNTPs) or undergo fiU-in in the

restriction endonuclease that cuts the vector adjacent to each 20 presence of unlabelled ddNPTs (along with labelled

insert, offset recognition domains can be appended to each ddNPTs). When using nucleic acid amplification in vitro to

of the numerous vector inserts through ligation to each of the re-generate each template-precursor, the adaptor does not
initial adapters. This can be followed by PCR, to seal nicks need to have a double-stranded recognition domain, as the

and retrieve the product. An alternative approach is to use recognition can be encoded by an adapter containing only a
PCR alone to generate ofEset recognition domains. For 25 single-straud of the recognition domain, with the clouble-

example, when sequencing DNA libraries, primers can be stranded recognition domain generated during the nucleic

designed to anneal lo a vector sequence immediately flank- acid amplification in vilro.
ing each insert. Once this KCI of DNA segments with offset In one embodiment, recognition domains for the class-IIS

(i.e., staggered) recognition domains is generated for each restriction endomiclease used to generate the DNA templates

DNAsegmenttobe sequenced, theseDNAsegmentscanbe 30 that occur in the origmal DNA segment (internal to the
sequenced concurrently, so that the number of steps neces- Ugated adapter), are methylated or otherwise blocked to

sary to sequence a contiguous stretch of DNA in the original prevent cutting mediated by these internal domains. Block-

DNA segment is markedly reduced. Using any of the above ing of internal recognition domains can be accomplished by

approaches, only a few primers must be made to sequence treatment with the corresponding methylase (Fok I melhy-
numerous vector inserts. Furthermore, each of the nine 35 lase for Fok I restriction endonuclease (Kita K, H Kotani, H

products can have a uniquely positioned recognition Sugisaki, M Tiikanami, J Biol Chem 1989,264:5751-5756,

domain, so that digestion with Fold cleaves both strands of Looney M C, L S Moran, W E Jack, G R Feehery, J S

each DNA segment and generates a sel of nine overhang Benner, B E Slatko, G G Wilson, Gene 1989; 80:193-208),

sequences positioned as a staggered array separated by one prior to adaptor ligation. This prevents cutting mediated by
base pair. Generating several initial DNA templates for each 40 these internal recognition domains, without preventing

DNA segment to be sequenced diminishes the number of cleavage directed by the ligated adaptor (whose recognition

successive steps necessary to sequence a given stretch of domain is not methylated).
DNA, and therefore significantly diminishes the accumula- Hemi-methylatiou of these internal recognition domains

tion of background signal when sequencing over a given can be carried out using the strategy of Han and Rutler or
span of DNA. 45 using the PCR-based strategy of Padgett and Sorge, as

In order to regenerate the product of interest following described in more detail herein (Han J. Rutter W J. Niicleic
each cycle of restriction endonuclease digestion and adaptor Acids Res 1988; 16:11837, Padgett K A, J A Sorge, Gene

Ugation, an additional step is designed. Specifically, this 1996; 168:31-35). Each strategy hemi-methylates, and

invention uses adaptor ligation during each sequencing effectively blocks, internal recognition domains without

cycle. These ligated adapters can differ during each cycle (or 50 methylating the primer-encoded recognition domain. The

every several cycles), allowing the product generated fol- method of Padgett and Sorge cannot be used if each strand
lowing each cycle of restriction endonuclease digestion aad of the chosen recognition domain contains all four

template-directed ligalion to have a unique end created by nucleotides, because PCR amplification cannol be carried
the ligated adaptor. This unique end can generate a primer out with selective methylation of those recognition domains
annealing site during PCR, such thai PCR can amplify Ihe 55 thai Ue outside of the primer encoded recognilion domain, as

desired product over a million fold following each adapter the strand antisense to the primer's recognition domain will

ligation step (Saild R K, D II Gelfand, S Stoflel, S J Scharf, be hemi-methylated during PCR. The method described by

R Higuchi, G T Horn, K B Mullis, H A Urlich, Science 1988; Han and Rutter can hemi-methylate the internal recognition
239:487-491). Nucleic acid amplification in vitro can be domains regardless of the nucleotide composition of each

exponential, as is usually done, or linear, in which one 60 strand of the recognition domain, and it can be incorporated
primer undergoes one or more cycles of primer exlension, into a linear amplification step.
followed by its removal and cycles of single 
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recognition domain sequence in the amplifying primer, and Sequencing Adapter Generation
can be carried out using ligated adapters and amplifying Adaplor set #1 (lower strands of this adapter set are

primers Ihal vary during each cycle (or every several cycles) shown in Ihe box below) was generated as follows: 6.3 /(I of

as described. In this case, however, the 3' end of each the lower strand of the first three of the four adaptors (100
amplifying primer must encode at least a portion of the 5 pmole//il) were added, in three separate reactions (one for

restriction endonuclease recognition domain of the class-IIS each oligonucleotide) lo 4.4/(I H^O, 3.3 /.(I 5x Terminal
restriction endonuclease used to trim the DNAsegment. This deoxynucleoticlyl transferase buffer (500 mM cacodylate

may diminish the specificity of the PCR amplification for the buffer, pH 6.8,5 mM CoCU, 0.5 mM DTT); 1.3 /d Terminal
product of interest, as these shared 3' ends may result in deoxynucleotidyl transferase (20 U//i.1; Promega, Madison

some amplification ofuncut DNA products. The strategy of 10 Wis.) and 1.0 /(I [35S]ddATP (12.5 ,uG//(l). The final oligo-

Han and Rutter can be modified to linearly amplify the nuclcotide was processed as described above, except that

product of interest, while simultaneously hemi-methylating half amounts were used. All of the samples were incubated

the internal recognition domains. This can be carried out by at 37° C. for one hour followed by heat inactivation at 70°

iterative primer extensions using the primer encoding at C. for 10 minutes, resulting in a final volume of 16.3 /.d for
least a portion of the recognition domain, with a methylated 15 the first three labeled oligonucleotides, and a final volume of

iiucleotide substituting for its normal counterpart, before or 8.2 ,ul for the final labeled oligoniicleotide (with the 5' G).

after reileralive primer exlensions with the opposite primer 5'P-CNNNCATCCGACCCAGGCGTGCG (SEQ ID
using the four normal dNTPs. Any of the above strategies for N0:1) or

hemi-methylating internal recognition domains can be car- 5'P-ANNNCATCCGACCCAGGCGTGCG (SEQ ID
ried following in vitro amplification of the product of 20 ' "N'O::

interest, and such prior in vitro amplificalion could occur _\.,^
through PCRw'a related method';'such as strand'displace- or^T-INNNCATCCGACCCAGGCGTGCG (SEQ ID
ment amplification (Walker G T, M S Fraiser, J LSchram, M INU:JJor
C Little; J G Nadeau, D P Malinowski Nucleic Acids 5T-GNNNCATCCGACCCAGGCGTGCG (SEQ ID
Research 1992; 20:1691-1696). Such prior DNA amplifi- 25 N0:4); only the 5' end varies between
cation in vitro need not have a portion of the recognition these four oligonucleotides, and this nucleotide is uuder-

domain incoqiorated into any of the amplifying primers, U"ed; the Fold recognition sequence is in bold type; N

allowing exquisite specificity'dunDg product regeneralion. represenls nucleotides with 4-fold degeneracy.
The 16.3 /d of each of the first three labeled oligonucle-

EXAMPLE 1 30 otides were separately added to 2.5 /(.I lOx T4 DNA Ligase

buffer (660 mM Tris-HCl, 50 mM MgCl^, 10 mM
Demonstration of Interval SequencingMediated by dilhioerythritol, 10 mM ATP,' pH 7.5) and to 6~2 /d of the

Class-IIS Reslriction Endonuclease Generated 5' upper st'rand of the sequencing adaptor (100 pmole//d):

Overhangs and Template-Directed Ligation ' 5'-CGCACGCCTGGGTCGGATG (SEQ ID N0:5); the

Using a Fokl based strategy, single nucleotides separated 3.5 Fokl recognition sequence is in bold type.
by intervals of nine nucleolides were sequenced using The last labeled oligonucleotide (with the 5' G) was pro-

simple reagents and a scintillation counter. The initial lem- cessed as described above, except in half amounts, resulting

plate precursor was a 93 bp PCR product conlaining a in a final volume of 25 /tl for each of ihe first three adapters

portion of the Cystic Fibrosis Transmembrane Conductance and 12.5 /(I for Ihe final adaptor.
Regulator gene that had been amplified directly from human 40 Non-radiolabelecl counteqiarts to Ihe above four adaptors

genomic DNA. Sequencing was accomplished by template- were generated by adding 20.0/d (100 pmole//d) of each of
directed ligation using six sequencing cycles. Following Ihe first three lower strands, separately to 20.0 /d (100

sequencing of the first nucleotide, five additional nucleotides pmole//d) of the upper strand, 8.0 /(I of lOx T4 DNA Ligase

were sequenced at nine nucleotide intervals, so that the buffer and 32 /d H^O, for a final volume of 80 fA, and 10.0
sequencing covered a span of 46 nucleotides (l+(5x9)=46). 45 /d (100 pmole//(l) of the final lower strand (with the 5' G)
The non-biotinylated primer used to generate the template was added to half amounts of the above constituents, for a

precursor contained a recognition domain for Fokl. The final volume of 40/<1. Each of the eight sets of adaptors (four
opposite primer had a biotinylaled 5' end, and was used to radiolabeled and four non-radiolabeled) were incubated at

bind the template precursor to magnetic streptavidin beads. 93° C. for 30 seconds followed by annealing al 25° C. for 5

Use of magnetic streptaviclin beads allowed enzymatic reac- 50 minules. The radiolabeled final adaptor (with the 5' G) was

tions to occur in solution, and facilitated removal of a small added to 12.5 /d H^O, to bring the final volume to 25 /(I, like

aliquot for each PCR amplification step during the sequenc- the other radiolabeled adapters, and the 40 /d of the non-

ing cycles. During the sequencing cycles, only two sets of radiolabeled final adapter was added to 40/d H^O, to bring
adapters were used, and each unique PCR amplifying primer the final volume to 80 /d, like [he other non-radiolabeled

used during the sequencing cycles was idenlical to the upper 55 adaplors. Each adaplor wilh a 5' G was at half the concen-

strand of the previously used adapter, so that these unique tration of Ihe olher adapters based on ligation data from
amplifying primers contained the Fold recognition domain preliminary experiments.

in their 3' ends, mimmizing the number of oligonucleotides Each radiolabeled adaptor was added to 25 /d of the

synthesized. In this protocol, identification of a nucleotide non-radiolabeled adaptors with (he other three 5' ends. This

during each sequencing cycle took place using four ligation 60 resulted in four adaptor #1 mixes, each with one radiola-

reactions (for the single template precursor). In each belcd adaptor and the remaining three non-radiolabelcd
ligalion, all four adaptors were present, with the 3' end of a adapters. Using four ligation mixtures allows one to

different one of the four adapters in each ligation tagged sequence nucleotides using a single label and a simple

with S. Quantitation of retained S radiolabel was carried detection apparatus (e.g. a scintillation couater).

out using a scinliUation counter, and a dominant signal for 65 Adapter set #2 was made the same way a
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5'P-CNNNCAl'CCTCTGGGCTGCACGGG (SEQ ID
N0:6) or

5'P-ANNNCATCCTCTGGGCTGCACGGG (SEQ ID
N0:7) or

5'P-TNNNCATCCTCTGGGCTGCACGGG (SEQ ID
N0:8) or

5'P-GNNNCATCCTCTGGGCTGCACGGG (SEQ ID
N0:9);

only the 5' end varies between each of these four
oligomicleoticles, and this nucleotide is underlined; the Fokl

recognition sequence is in bold type; N represents nucle-
otides with 4-fold degeneracy.

and the oligonucleotide for the upper strand of the adaptors

was:

5'-CCCGTGCAGCCCAGAGGATG (SEQ ID N0:10);
the Fokl recognition sequence is in bold type.

Initial Sequencing Template Generation

PCR amplification of a 93 bp initial template precursor
from human genomic DNAvvas carried out using primers A
and B (shown in the box below) as follows: 200 ng human

genomic DNA (Promega, Madison Wis.) in 2.0 /d was

placed with 41.6 /d H^O, 6.0 /il lOx buffer (100 mM
Tris-HCl pH 8.3, l.OM KC1, 0.5% Tween 20, 50%

Glycerol), 4.0 /d containing 5.0 mM each dNTP (100 mM
stock (Boehringer Mannheim, Indianapolis, Ind.) diluted in

H^O), 1.0 /d Primer A (25 pmolefiS), 1.0 /d Primer B (25
pmole//<l), 4.4/d 25 mM MgtOAc)^, in each of four micro-

centrifuge tubes. A wax bead was added (Perkin Elmer,
Foster City, Calif.) and the tubes were heated to 80° C. for

3 minutes and ihen cooled to 25° C. An upper layer of

reagents consisting of35.0/(l H^O, 4.0/d lOx buffer and 1.0
/d rTth DNA Polymerase (2.5 /d; Perkin Elmer) was placed
on top of each wax bead, and the four tubes underwent an
initial denaturation step at 94° C. for 1 minute followed by

30 thermal cycles using the following parameters (94° C. for
30 seconds, 50° C. for 30 seconds), a final extension at 72°

C. for 7 minutes, and a 4 C. soak.

Primer A: GTTTTCCTGGATGATGCCCTGGC (SEQ ID
N0:11); mismatch to genomic DNA underlined; Fokl
recognition sequence in bold type. Primer B: 5' Biotin-

CATGCTTTGATGACGCTTCTGTATC (SEQ ID
N0:12); the biotinylated 5' end was generated during
oligonucleotide synthesis using a biotin phosphoramid-
ite (Glenn Research, Sterling Va.).

The samples were combined, and 360 fil of this product

was incubated with 4.0 /d Exonuclease I (20 U//d; Epicentre,

Madison Wis.) at 37° C. for 30 minutes, followed by heat

inactivation at 80° C. for 15 minutes. The sample was

purified by glass bead extraction using Mermaid (BI0101,
La Jolla, Calif.) and was suspended in 90 /d TE (10.0 mM

Tris-HCl pH 8.0, 1.0 mM EDTA). Eighty /d of this product
was digested with 5.0 /<1 Fokl (3 U//(l; Boehriager
Mannheim) in the manul'aclurer's Ix buft'er in a total volume

of 100 /d at 37° C. for 1 hcmr followed by heat inactivation

at 65° C. for 15 minutes. 87.5 /d of this product was mixed
with 90 /.d of washed magnetic streptavidin beads in 2x

binding-wash buft'er (prepared from 150 /d Dynabeads

M-280 Streptavidin, Dynal, Oslo Norway, as directed by the

manufacturer), incubated for 1 hour at room temperature
(23° C.) with mix-ing to disperse the magnetic beads, mag-

20

uctically pelleted (Dynal Magnetic Pellet Coucentrator-E),

washed three times in binding-wash buffer, and resuspended

in 50 /d TE.
Adapter Ligation

5 The lemplate underwent ligalion separately to each ol' Ihe

four aclaptor mixes in adaptor set #1 as follows: 12.5 /d of

the template was added to 10 /(I of each adapter mix, 17.5

/d H^O, 5.0 /d lOx T^ DNALigase buffer, and 5.0/d T^ DNA
Ligase (1.0 U//d; Boehringer Mannheim, Indianapolis Incl.)

10 and incubated at 23° C. for 1 hour with mixing every 15

minutes. Then, the mixture was magnetically pelleted, the
supernatant removed, and the pellets were washed three

times in binding-wash buffer and then were resuspended in

50 /d TE.
15 Scintillation Counting

Forty/(I each of the four ligated samples were added to 2.5

ml of scintillation fluid (Beckman Ready Gel, Beckman

Instruments, Fullerton, Calif.) in a scinlillation vial and
underwent scintillation counting using a Beckman LS 1801

scintiUation counter.

PCR Amplification
One /(I from each ligation (from the 10 /d remainiDg that

did not undergo scmtillation counting) underwent PCR

amplification as was done in generating the initial template

precursor, except that 42.6 ,ul H;;0 was used (instead of 41.6
/(I) and the upper strand of sequencing adapter set #1 was

used as the PCR primer in place of Primer A.

Second Sequencing Cycle

30 The steps were identical to the first sequencing cycle,
except that the adapter set used for adapter ligation was

adapter set #1, and the upper strand of sequencing adapter

set #2 was used as a PCR primer instead of the upper strand

of sequencing adaptor set #1.

35 Third Sequencing Cycle
The steps were identical to the second sequencmg cycle,

except that the adaptor set used for adapter ligalion was
adaplor set #1, and the upper strand of sequencing adaptor

set #1 was used as a PCR primer instead of the upper strand

40 of sequencing adaptor set #2.

Subsequent Sequencing Cycles

Following the third sequencing cycle, the second

sequencing cycle was repeated, and following this second

sequencing cycle, the third sequencing cycle was repeated,
45 and following this third sequencing cycle, the second

sequencing cycle was repeated through the scintillation

counting step.

Sequencing Results

The FoM recognition domain is positioned in each ligated

adaptor so that one nucleotide was sequenced at 9 nucleotide
intervals. The initial template precursor is shown below,

along with its Fold recognition domain (bold type). Under-

lined sequences are the original amplifying primers (Primer
A and Primer B). The cut siles for this recognition domain,

as well as subsequent cut sites directed by ligated adaptors,

are shown by dissecting lines. Cleavage generates a single-

strand overhang that constitutes a template, and the nucle-
otide sequenced at each interval is shown by a numbered

asterisk, the number identifying the sequencing cycle for
sequencing the nucleotide.

55
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5'-Cn'TTTCCTGGATtoTGCCT'CK^CCATTAA^GAAAATATc|ATCTTTC<:r[^TTCCTATlGATGAATAT|AGATACAGAAGCGTCATCA^
3'-CAAAAOGACCTACTACGGACCGTC.C.Tl'^\TTTCTTltTATAGTAOA|AACCACAA4'iOATACTAC]TTATATCT4TGTCTTCC.CAOTAGTTTCC.TAC-Biotin51

The scintillation counts for each of the four adapters at each

sequencing interval (identified by sequencing cycle) is

shown below. The highest counts are in bold type. Counts
for the correct nuclcotide were four fold greater than back-

ground (counts for any other nucleotide) in the first five

cycles and greater than twice background in the final cycle

(cycle 6).

Adapter set #1 (lower strands of this adaptor set are

shown in the box below) was generated as follows: 20.0 /il

10 of the lower strand of the four adapters (100 pmole//d) were

added, in four separate reactions (one for each

oligonucleotide) to 12.5/d FLO, 12.0/(I 5x Terminal cleoxy-
nucleotidyl transferase buffer (500 mM cacodylate buffer,

pH 6.8, 5 mM CoCl^, 0.5 mM DTT), 3.0 ftl Terminal

Template uucleoEide
at ligation junction
Predicted 5' end of

adapter undergomg
iigalion
Scmtillation

counts for
adapters
(identified by
35S labelled 3'

end)

G
A
T
c

1

A

T

662
2.568

32.917

1,703

2

A

T

1,504
1.618

32,563
988

Sequencine Cycle Number

3

T

A

1,625
68.007
5,797
1.704

4

T

A

6.793
34,753

3,934
1.745

5

G

c

1.441
3.335

14.787
67.233

6

T

A

1,779

14.397
2,962
5,304

EXAMPLE 1B

Demonstration of Interval Sequencing Mediated by
Class-IIS Restriction Endonuclease Generated 5'

Overhangs and Templale-Direcled Ligalion

Using a Fokl based strategy, single nucleotides separated

by intervals of nine nucleolides were sequenced using
simple reagents and a scintillation counter. The initial tem-

plate precursor was a 93 bp PCR product containing a

portion of the Cystic Fibrosis Traasmembrane Conductance

Regulator gene that had been amplified clireclly from human

genomic DNA. Sequencing was accomplished by template-
directed ligation using three sequencing cycles. Following

sequencing of the first nucleotide, two additional nucleotides

were sequenced at nine nucleotide intervals, so that the
sequencing covered a span of 19 nucleolides (l+(2x9)=19).

The non-biotinylated primer used to generate the template

precursor contained a recognition domain for Fold. The
opposite primer had a biotinylated 5' end, and was used to

bind the template precursor to magnetic streptavidin beads.
Use of magnetic streptavidin beads allowed enzymatic reac-

tions to occur in solution, and facilitated removal of a small
aliquot for each PCR amplification step during the sequenc-

ing cycles. During the sequencing cycles, only Iwo sets of

adaplors were used, and each unique PCR amplifying primer
used during the sequencing cycles was identical to llie upper

strand of the previously used adapter. In this test protocol,
identification of a Ducleolide during each sequencing cycle

took place using four ligation reactions (for Ihe single

template precursor). In each ligation, all four adapters were
present, with the 3' end of a different one of the four adapters

in each Ugalion tagged with 32P. Quanlitation of retained 32P

radiolabel was carried out using a scintillation counter, and

a dominant signal for the correct nucleotide was clearly

detected during each cycle. The details are outlined below:

Sequencing Adaplor Generalion

60

deoxynucleotidyl transferase (20 U//d; Promega, Madison,
Wis.) and 12.5 u.l [32P]dATP (10.0 /tCi//d), All of the
samples were incubated at 37° C. for one hour followed by

heal mactivation at 70° C. for 10 minutes. Unincorporated
[3 P]dATP was removed from each tube using a Qiagen

nucleotide removal column (Qiagen, Chatsworth Calif.) and

each oUgonucleotide was eluted in 50 /(I TE.

5'P-CNNNCATCCGACCCAGGCGTGCG (SEQ ID
N0:13) or

5'P-ANNNCATCCGACCCAGGCGTGCG (SEQ ID
N0:14) or

5'P-TNNNCATCCGACCCAGGCGTGCG (SEQ ID
N0:15) or

5'P-GNNNCATCCGACCCAGGCGTGCG (SEQ ID NO:
16);

only the 5' end varies between these four oligonudeotides,
and this nucleotide is underlined; the Fold recognition

sequence is in bold type; N represents nucleotides with

4-fold degeneracy.

15.8 /(I of each of the first three labeled oligonucleotides
were separately added to 2.5 /d lOx T,| DNA Ligase buffer

(660 mM Tris-HCl, 50 mM MgCl^, 10 mM dilhioerythrilol,
10 mM ATP, pH 7.5), 0.5 /d H^O and to 6.2 /d of the upper

strand of the sequencing adapter (100 pmole//d):

5'-CGCACGCCTGGGTCGGATG (SEQ ID N0:17); [he
Fold recognition sequence is in bold type.

The last labeled oligonucleotide (with the 5' G) was pro-

cessed as described above, except in half amounts, resulting
in a final volume of 25 /d for each of the first three adapters

and 12.5 /d for the final adaptor.

Non-radiolabeled counterparts to Ihe above four adapters

were generated by adding 20.0 /(I (100 pmole^d) of each of
the first three lower strands, separately to 20.0 /d (100

pmole//d) of the upper strand, 8.0 /d of lOx T.| DNA Ligase
buffer and 32 /d H^O, for a final volume of 80 /d, and 10.0

/d (100 pmole//il) of the final lower slran3 (with [he 5' G)
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was added to half amounts of the above constituents, for a
final volume of 40 /d . Each of the eight sets of adaptors (four
radiolabeled and four non-racliolabeled) were incubatecl at
93° C. for 30 seconds followed by annealing at 25° C. for 5

minutes. The radiolabeled final adaptor (with the 5' G) was 5
added to 12.5 ,ul H.,0, to bring the final volume to 25/d, like
the other radiolabeled adaptors, and the 40 /(I of the non-
radiolabeled final adaptor was added to 40 /d H,,0, to bring
the final volume to 80 /d, like the other non-radiolabeled
adaplors. Each adapter with a 5' G was al half the concen-
(ration of the other adapters based on ligation data from

preliminary experiments.
Each radiolabeled adaptor was added lo 25 fit of the

non-radiolabeled adaplors with the other three 5' ends. This

resulted in four adapter #1 mixes, each with one radiola-

beled adapter and the remaining three non-radiolabeled
adapters. Using four ligation mLxtures allows one to

sequence nucleotides using a single label and a simple
detection apparatus (e.g. a scintillation counter).

Adapter set #2 was made the same way as adapter set #1,

except that the four oligonucleo tides for the lower strands of
the adaptors were:

5'P-CNNNCATCCTCTGGGCTGCACGGG (SEQ ID
N0:18) or

5'P-ANNNCATCCTCTGGGCTGCACGGG (SEQ ID ,,5
N0:19) or

5'P-TNNNCATCCTCTGGGCTGCACGGG (SEQ ID
N0:20) or

5'P-GNNNCATCCTCTGGGCTGCACGGG (SEQ ID
N0:21); so

only the 5' end varies between each of these four
oligonuclcotides, and this nucleotide is underlined; the Fokl

recognition sequence is in bold type; N represents nucle-
otides with 4-fold degeneracy.
and the oligonucleolide for the upper strand of the aclaptors 35

was:

5'-CCCGTGCAGCCCAGAGGATG (SEQ ID N0:22);
the Fokl recognition sequence is in bold type.

Initial Sequencing Template Generation

PCR amplification of a 93 bp initial template precursor 40

from human genomic DNA was carried out as described in

Example 1.

The samples were combined and mixed with 400 /d of

washed magnetic streptavidin beads in 2x binding-wash

buffer (prepared from 140 /d Dynabeads M-280 45
Slreptavidin, Dynal, Oslo Norway, as directed by the

manufacturer), incubated for 1 hour at room temperature
(23° C.) with mixing to disperse the magnetic beads, mag-

netically pelleted (Dynal Magnetic Pellet Concentrator-E),

washed three times in binding-wash buffer, and resuspended 50

in 100 /(I HoO. This product was digested with 7.0 /d Fokl
(3 U//(l; Boehringer Mannheim) ia the manufacturer's Ix

buffer ill a total volume of 150 /<1 at 37° C. for 1 hour, with

mixing every 15 minutes, magneticaUy pelleted, washed

three limes in binding-wash buffer, and the lemplate was 55
suspended in 50 /d H^O.

Adapter Ligation

The template underwent ligation separately to each of the
four adapter mixes in adaplor set #1 as follows: 12.5 /d of

the template was added to 10 /d of each adapter mix, 18.5 60

/d H^O, 4.0/d lOx T.i DNALigase buffer, and 5.0/dT^ DNA
Ligase (1.0 U//(l; Boebriager Mannheim, Indianapolis Ind.)

and incubated at 23° C. for 1 hour with mixing every 15

minutes. Then, the mixture was magnetically pelleted, the

pellets were washed three times in binding-wash buffer and 65
then were resuspendecl in 50 /d TE (10.0 mM Tris-HCl pH

8.0, 1.0 mM EDTA).

Scintillation Counting

Forty ill each of the four ligated samples were added to 2.5
ml of scinlillalion fluid (Beckman Ready Gel, Beckman

Instruments, Pullerton Calif.) in a scintillation vial and
underwent scintillation counting using a Beckman LS 1801

scintillation counter.
PCR Amplification

One ,ul from each ligation (from the 10 /<1 remaining that

did not undergo scintillation counting) underwent PCR

amplification as was done in generating the initial template

precursor, except that 42.6 /d H^O was used (instead of 41.6
/(I) and the upper strand of sequencing adapter set #1 was
used as the PCR primer in place of Primer A.

Second Sequencing Cycle

The steps were identical to the first sequencing cycle,
except that the adapter set used for adaptor ligation was

adaplor set #2, and the upper strand of sequencing adaplor
set #2 was used as a PCR primer instead of the upper strand

of sequencing adapter set #1.

Third Sequencing Cycle
The template precursor that had been amplified in the

second sequencing cycle underwent binding to magnetic

streptavidin, FoUd digestion, adaptor ligation, and scintilla-

tion counting as was done in the second sequencing cycle,
except that the adapter set used for adapter ligation was

adapter set #1.
Sequencing Results

The Fokl recognition domain is positioned in each ligaled

adapter so that one micleotide was sequenced at 9 micleotide
intervals. The scintillation counts for each of" the four

adapters at each sequencing interval (identided by sequenc-

ing cycle) is shown below. The highest counts are in bold
type. The second adapter set did not label as e£6cienlly as the

first adapter set. Counts for the correct nucleotide were >12

fold greater than background (counts for any other
nucleotide) in the first Ihree cycles. Counts for the correct

nucleotide were dominant for cycles 4 and 5, but were less
than 2-fold over background.

Sequencmg Cycle Number

Template nucleotide

at ligation juuctiou
Predicted 5' end of

adapter vndergoing
ligatlon
Scintillation G
counts for A
adapEors T
(identified by C
32p labelled 3'

end)

1

A

T

712
1,933

25.568
•J,007

2

A

T

329
344

6,769
366

EXAMPLE

3

T

A

1,337
40,284
3.105
],330

2

4

T

A

2,420
3,169
1,404

242

5

G

c

1,597
11,394
7.307

2-J.17S

Demonslralion of Interval Sequencing Medialed by
Class-IIS Restriction Endonuclease Generated 3'

overhangs and Template-Directed Ligation

A BscRI based protocol was used to sequence single
nucleotides separated by intervals of eight nucleotides using

a sdntillation counter. The inilial template precursor was a

103 bp PCR product coDlaining a portion of the Cystic

Fibrosis Transmembrane Conductance Regulator gene that

had been amplified directly from human genomic DNA.

Sequencing was accomplished by template-direcled ligation

using three sequencing cycles, and covered a span of 17



5,858,671
51 52

nucleoticles (l+(2x8)=17). The non-biotinylaled primer used Adaplor set #2 was made the same way as adapter set #1,
to generate the template precursor contained a recognition except that the four oligonucleotides for the upper strands of

domain for BseRl. The opposite primer had a biolinylated 5' Ihe adaptars were:

end, and was used lo bind the template precursor to magnetic 5' QGTGCGCCAGTCCAGCGAGGAGNC (SEQ ID
streptavidin beads. During the sequencing cycles, only two 5 N0:28)or

sets of adapters were used, and each uniquePCRamplifymg 51 GGTGCGCCAGTCCAGCGAGGAGNA (SEQ ID
primer used during the sequencing cycles was identical to N0:29')or

^^pe^teT_dofA^evlLTSlyT.d^ 5' GGTGCGCCAGTCCAGCGAGGAGNT (SEQ ID
not have the final two nucleotides on the 3'end, so that these " ^^"^u"'-—-'-"~u"—"--'-'-^

unique amplifying primers contained the BseRI recognition 10 ^ ' '^^^^^ ^
domain'inAei^ J^^ndsensuring sufficient length ffar efficient " 5'^GGTGCGCCAGTCCAGCGAGGAGNG (SEQ ID

priming when using these adapters. In this test protocol, ., 1,''"^-L'1', ^ ._,,.____, , ,. ...^....,. ._,.,.,.

klentiSation'of'a'^cleolidedmngeach'sequencmg cycle onlytbe y eDdvaSbTveea^oligomlckotide'.ancl.thls

took "place' using four "ligalion "reactions" (for--the°single Ducle^ide is.mulerunecl;_the-BseRI.recogmtion wqwoclls
templ^precurs^)~Inea37ligatioa7^four'adapto^ 15 in bold tyre; N rePresents nucleotides with 4-fold degen-

present, with the 5 end of a different one of the four adapters erac^',. , ..
m eachUgation tagged wilh 32P: Quantilalion ofrelained 32P ThedigoDucleotlcle for thetowerstraDdofthe;ldapt01! was:

radiolabel was carried out using a scintillation counter. (CTCCTC_GCTGGACTGOCGCACC (SEQ ID N0:32);
Signal for the correct nucleotide was four fold greater than lbe BseRI recognition sequence is in bold type.

background in each of the three cycles. The~details are 20 In^ial^Sequencing Teroplale^Generation
outlined below: ' PCR amplt&cation of a 103 bp initial template precursor

Sequencing Adaptor Generation from human genomic DNAwas carried out as in Example 1,

Adaptor'set #1 (upper strands of this adaplor set are except that Primer A had the following sequence:

shown in the box below) was generated as follows: 4.0 /d of 5' TCTGTTCTCAGTTTTCCTGGATGAGG
the upper strand of the four adaptors (100 pmole//d) were 25 AGTGGCACC (SEQ ID N0:33); mismatches to
added, in four separate reactions (one for each genomic DNA underlined; BseRI recognition sequence

oligODueleolide) lo 5.0 /d H^O, 16.0 ,ul lOx Polynucleolide in bold type.
Kinase buffer (700 mM Tris-HCl (pH 7.6), 100 mM MgCl^, The samples were combined, and the 400 /d was digested

50 mM dilhiothreitol), 10.0 ,u.l T^ Polynucleotide Kinase (10 with 5.0 /d BseRI (4 U//d; New England BioLabs) in Ihe
U//<1; New England BioLabs, Beverly, Mas.s.) and 125.0 ft\ 30 manufacturer's Ix buffer in a total volume of 460 /d at 37°
[32P]ATP (2.0 /.(Ci/^.1). All of the samples were incubaled at C. for 1 hour followed by heat inactivation at 65° C. for 20

37° C. for one hour followed by heat inactivation at 65° C. minutes. This product was mixed with 460 /ul of washed
for 20 minutes. Unincorporated [32P]ATP was removed from magnetic streptavidin beads (140 /d Dynabeads washed and

each tube using a Qiagen nucleotide removal column then suspended in 2x binding-wash buffer following the

(Qiagen, Chatsworth, Calif.) and each oligonucleotide was 35 manufacturer's instructions), incubated for 1 hour at room
eluled in 50 /(I TE. temperature (23° C.) with mixing to disperse the magnetic

5' CGCACGGCTGGGTCGGAGGAGNC (SEQ ID beads" rDagoetically pelleted (Dynal Magnetic PeUet
N0:23') or — ' ~ Concentrator-E), washed three limes in binding-wash buffer,

and resuspended in 50 ul TE.
.jUAUUAUrMA (StU 1U ...;...

N6724W""""""~'"~~'"""""-' v"~^ '" 40 Adaptor Ligation

The template underwent Ugation separately to each of the
51 _CGCACGGCTGGGTCGGAGGAGNT (SEQ ID four adapter mixes in adapter set #1 'as follows: 12.5 /d of

N0:25)or ([^g template was added to 20 /d of each adapter mix, 9.5 /(I

5' CGCACGGCTGGGTCGGAGGAGNG (SEQ ID H^O, 3.0/d lOx T^ DNALigase buffer, and 5.0/(IT^ DNA
N0:26); 45 Ligase (1.0 U//(l; Boehringer Manaheim, Indianapolis, Ind.)

only the 3' end varies between each oligonucleotide, and this and incubaled at 23° C. for 1 hour with mixing every 15

nucleoticle is underlined; the BseRI recognition sequence is minutes. Then, the mixture was magnetically pellcled, and

in bold type; N represents nucleotides with 4-fold degen- (he pellets were washed three times in binding-wash buffer

eracy. and then were resuspended in 50 /.i\ TE.
The four labeled oligonucleolides (8 pmole./fil) were sepa- 50 Scintillation Counting

ralely added to an equal volume of the lower strand of the Twenty five fil of each of the four Ugatecl samples was

adaptor added to 2.5 ml of scintillation fluid (Beckman Ready Gel)
(CTCCTCCGACCCAGCCGTGCG (SEQ ID N0:27); in a scinlillation vial and underwent scintiUation counting

the BseRI recogailioa sequence is in bold type. using a Beckman LS 1801 scintillation counter.

suspended in 2x 1\ DNA Ligase buffer (8 pmole//d). Non- 55 PCR Amplification
radiolabeled counterparts to the above four adapters were One /d from each ligation (of the 10 fi\ remaining thai did

generated as follows: Unlabelecl upper strands of Ihe adap- not undergo sdntillalion counting) underweal PCR ampli-

tors (8 pmole//d) were added, separately, to an equal volume fication as was done in generating Ihe initial templale

of the lower strand of the adapter suspended in 2x T^ DNA precursor, except that 42.6 (d H^O was used (instead of 41.6

Ligase buffer (8 pmole//d). Each of the eight sets of adapters 60 /d) and
(four radiolabeled and four non-radiolabeled) were incu- 5' CGCACGGCTGGGTCGGAGGAG (SEQ ID N0:34);
bated at 93° C. for 30 seconds followed by annealing at 25° BseRI recognition sequence is in bold type.

C. for 5 minutes. Five fil of each radiolabeled adaplor was was used as the PCR primer in place of Primer A.

added to 5/d of those non-radiolabeled adaplors with the Second Sequencing Cycle

other three 3' ends. This resulted in four adapter #1 mixes, 65 The steps were identical to the first sequencmg cycle,
each with one racliolabeled adaplor and the remaining three except that the adapter set used for adapter ligation was

non-radiolabeled adaplors. adaplor sel #2, and
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5' GGTGCGCCAGTCCAGCGAGGAG (SEQ ID
N0:35); BseRI recognitJou sequence is in bold type.

was used as the PCR primer replacing primer A.

Third Sequencing Cycle
The template precursor that had been amplified in the 5

second sequencing cycle underwent BseRI digestion, bind-
ing lo magnetic streptavidin, adaptor ligation and scintilla-

tion counting as was done in the second sequencing cycle,

except that the adaptor set used for adapter ligation was
adapter set #1. 10

Sequencing Results
The BscRI recognition domain is positioned in each

ligated adaptor so that one nucleotide was sequenced at 8

nucleotide intervals. The initial template precursor is shown

below, along with its BseRI recognition domain (bold type). 15
Underliued sequences are the original amplifying primers

(Primer A and Primer B). The cut sites for Ihis recognition

domain, as well as subsequent cut sites directed by ligated
adaplors, are shown by dissecting lines. Cleavage generates

a single-strand overhang that constitutes a template, and the 20
nucleoticlc scquenced at each interval is shown by a num-

bered asterisk, the number identifying the sequencing cycle

for sequencing the nucleotide.
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-continued

at ligation junction

Predicted 3' end of

adapter undergoing

ligation

Scmtillation G

counts For A

adapters T

(identified by C

phophory-lated
5' end)

Sequencing Cycle

1

T

38.430

77,540

598,840

125.320

2

A

42.824

198,350

40.092

47,620

Number

3

T and G

102,340

10,968

110,640

21,430

The heterozygote was clearly detected with counts four fold

higher for each of Ihe two predicted nucleotides over the

background counts for the other nucleotides.

5'-TCTCfn'crCAGmTCCTGQOT GWCAGl'GGCACQ
3' -AGACAACMCTCAAAA3GACCTA I

G^aAGl'CX3CAa^TllAAAGAAA^I'A]'CATC]tTrOCTGTT-20bp-GAI'A^AC3AAOCCTCATCAAAOCA'J'0-3'
l|AATTTCnfiTATACT/i|GAAAOCACAA20bp-OTATGrCTT03CACTAG]TrOGa'AC-Biotin 5'

#1 #2 #3

30

The scintiUation counts for each of the four adapters at each

sequencing interval (identified by sequencing cycle) is
shown below. The highest counts are in bold type. Signal for

the correct nucleotide was four fold greater than background

in each of the three cycles.

EXAMPLE 3

Template nucleolide
at ligation junctkm
Predicted 3' end of

adapter undergoing
Ugation
Sciutillation G-.

counEs for A

adaptors T
(identified by C
phophoiylated
5' end)

Sequencmg Cycle Number

1

A

T

146,170
130,570

1.290.660
209,660

2

T

A

111.660
507,140

83,787
95,120

3

A

T

100,550
32,023

668.140
51.515

This invenlion was also tested to see whether il could detect
a beterozygote for the cystic fibrosis delta 508 mutation. In

this carrier, one would expect the third cycle to detect both
an A and a C (ligation of aclaptors with a 3' T or G). In this

test, aU adapters with a 3' G were at half the concentration

used previously, since the adapters with a 3' G tended to give

higher background counts, and following the sequencing of
the initial template, templates were diluted 1:10 prior to PCR

amplification. The results are shown below:

Sequencmg Cycle Number

Template nucleotide

Demonstration of Interval Sequencing Template
Generation Mediated by Class-IIS Restriction

35 Endonuclease Generated 5' overhangs, Templale-
Directed Polyroerization and Adapter Ligation

A Fokl based protocol was used to generate a series of

templates separated by intervals of nine nucleotides. The

40 initial template precursor was the identical 93 bp PCR

product that was used as the initial template precursor in

Example 1. During the sequencing cycles, only two adapters
were used, and each unique PCR amplifying primer used

during the sequencing cycles was identical to the upper

45 slrand of the previously used adaplor. In this lest protocol,
sequencing was simulated by the incorporation of a ddNTP

into the template during five sequencing cycles, and suc-

cessful trimming of the template was confirmed by acryla-
mide gel resolution of the PCR products constituting the

gg template precursors during each simulated sequencing cycle.
The template was trimmed as predicted over the five

sequencing cycles. The details are given below:
Sequencing Adapter Generation

Adapter #1 was generated as follows: 30 /<1 of Ihe lower

<;<; strand of adapter #1 ( 100 pmole/M ):

5' NNNCATCCGACCCAGGCGTGCG (SEQ ID
N0:36); the Fold recognition sequence is in bold type;

N represents nucleotides with 4-fold degeneracy.

and 30 /d of the upper strand of adapter #1 (100 pmole/'«l):
60 5' CGCACGCCTGGGTCGGATG (SEQ ID N0:37); the

Fokl recognition sequence is in bold type.
were added to 12 /d ILO and to 8.0 /d lOx T.| DNA Ligase

buffer. The adapter was incubated at 93° C. for 30 seconds
followed by annealing at 25 C. for 5 minutes.

65 Adapter #2 was made the same way as adaptor set #1,
except thai the oligonucleolide for the lower strand of

aclaplor #2 was:
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5' NNNCATCCTCTGGGCTGCACGGG (SEQ ID
N0:38); the Fold recognition sequence is in bold type;
N represenls nucleotides with 4-fold degeneracy.

and the oligonucleotide for the upper strand of the adapters
was:

5' CCCGTGCAGCCCAGAGGATG (SEQ ID N0:39);
the Fold recognition sequence is in bold type.

Initial Sequencing Template Generation
PCR amplification of a 93 bp initial template precursor

from human genomic DNA was carried out as described in
Example 1, except that only 100/(I (one tube) was amplified.
Following PCR amplification, 50 /(I was removed to be run
on a acrylamide gel later. The remaining 50 ill was mixed
with 100 /d of washed magnetic-streplavidm beads (16 /d
Dynabeads M-280 Streptavidin washed and suspended in 2x
binding-wash buffer) and 50/d H^O, incubated for 1 hour at

23° C. with mixing, magnetically pelleted, washed three
times in binding-wash buffer, and resuspended in 50/(I H^O.
This product was digested with 1.0 /d Fold (3 U//(l) with
mixing every 15 minutes in the Ix restriction endonuclease
buffer in a total volume of 100 /(I at 37° C. for 1 hour,
magnetically pelleted, washed three times in binding-wash
buifer, and resuspended in 25 ftl H^O.
Template Directed Polymerizarion Using Nucleotide Termi-

nators

This product was added lo 10/d of each ddNTP (500/(.M
each), 14 /il H^O, 20 /d 5x Sequenase buffer, and 1.0 /d
Sequenase (Amersham) and was incubaled at 23° C. for 20,

minules with mixing every 10 minutes. The mixture was

magnetically pelleted, washed three times in binding-wash
buffer and suspended in 25 fil TE.

Adapter Ligation

The template (following simulated sequencing by ddNTP
fill-in) underwent ligation to adaptor #1 as follows: 25 /d of

the template was added to 10 /d of adaptor #1, 6.0 /<1 H^O,

4.0 /d lOx ^^ DNA Ligase buffer, and 5.0 /d T., DNALigase
(1.0 U/«l) and incubaled al 23° C. for 1 hour with mixing

every 15 minutes. Then, the mixture was magnelically
pelleted, washed three limes in binding-wash buft'er, and

suspended in 50 /d TE.
PCR Amplification

1 /d from the ligalion underwent PCR amplification as

was clone in generating the initial template precursor, except

that 42.6 /ill H^O was used (instead of 41.6 /d) and the upper
strand of adaptor #1 was used as the PCR primer in place of

Primer A.

Second Sequencing Cycle
The steps were identical to the first sequencing cycle,

except thai the adapter used for adaptor ligation was adaptor

#2, and the upper strand of adaptor #2 was used as a PCR
primer instead of the upper strand of adapter #1.

Third Sequencing Cycle
Identical to the second sequencing cycle, except that the

adaptor used for adaptor ligation was adaptor #1, and the
upper strand of adapter #1 was used as a PCR primer instead

of the upper slrand of adnplor #2.
Subsequent Sequencing Cycles

Following the third sequencing cycle, the second
sequencing cycle was repealed, and following this second

sequencing cycle, the third sequencing cycle was repeated.

Results
Following each PCR amplification, generating the tem-

plate precursors, 50 /d were removed and were later run on

a acrylamicle gel, as shown in FIG. 5. Following the

sequencing cycles 1-5, the template precursor was trimmed
as predicted, with high specificity in the first four sequencing

cycles, and some exlraneous product in the template

-precursor following Ihe fiflh sequencing cycle.
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EXAMPLE 3B

Demonstration of Interval Sequencing Mediated by
Class-IIS Reslriclion Endonuclease Generaled 5'

overhangs, Template-Direcled Polymerizalion and

Adaptor Ligation

This example is essentially the same as Example 3, except
that during each template-directed polymerization with
ddNTPs, a 33P labeled ddNTP was substituted for its corre-

10 spending normal dclNTP, in four separate template-directed

polymerizations, each with a single and difEerent radiola-
beled ddNTP. Then, an aliquot from each of these reactions

underwent scmtillation counting.
Sequencing Adapter Generation

15 Sequencing adapter generation was carried out as
described in Example 3.
Initial Sequencing Template Generation

PCR amplification of the initial template precursor from

human genomic DNA was carried out as described in

20 Example 3, except that two tubes were amplified (200 /d).
Following PCR amplificiition, the entire PCR product was

bound to 200/(I of washed magnetic streptavidin beads (64
/1.1 Dynabeads M-280 Streptavidin washed and suspended in

2x binding-wash buffer), incubated for 1 hour at 23 C. with

25 mixing, magnetically pelleted, washed three times in
binding-wash buffer, and resuspended in 100 /d H^O. TIiis

product was digested wilh 4.0 /.d Fokl (3 U//d) in Ihe
corresponding Ix reslriclion endonuclease buffer in a total
volume of 150 /(I at 37° C. for 1 hour with mixing every 15

30 minutes, magnetically pelleted, washed three times in

binding-wash buffer, and resuspended in 100 /nl H;>0.

Template Directed Polymerization using Nucleotide Termi-

nators
25 /d underwent four separate template directed polymer-

35 izations using ddNTPs, each exactly as was clone in Example

3, except a different three non-radiolabeled ddNTPs were

added in each reaction, with the fourth ddNTP being 5.0 /d
of the corresponding PddNTP (0.45 /i.Ci//(l; Amersham).

Also, 19 /d H^O were used insleacl of 14/d H^O, and 3 U
40 of Sequence (1.2 /(I of a 1:5 dilution in Ix Sequenase buti'er)

were used instead of 1 /d of undiluted Sequenase (13 U//d).
Following incubalion for 20 minutes at 23° C. with mixing

every 10 minutes, each mixture was magnetically pelleted,
washed three times in binding-wash buffer and suspended in

45 50/d H^O.
Scintillation Counting

40 /d underwent scintillation coTinting as described in

Example 1.
Adapter Ligation

50 The remaining 10 /(I of each of the four samples were

combined, and underwent adaptor ligation as in Example 3,
except that 10 /d of lOx ligase buffer and 35 /d H^O were

used, resulting in a final volume of 100 ,ul, and following

Ugation, magnetic pelleting and washing, the pellet was

55 suspended in 25 /d T£.
PCR Amplification

One /d from the ligation underwent PCR amplification in

each of two tubes as was done in generating the initial

template precursor, except that 42.6 /i} H^O was used

60 (instead of 41.6 /d) and the upper slrand of adapter #1 was
used as the PCR primer in place of Primer A.

Second Sequencing Cycle

The steps were identical to the first sequencing cycle,
except that the adapter used for adapter ligation was adaptor

65 #2, and the upper strand of adapter #2 was used as a PCR

primer instead of the upper strand of adapter #1.

Third Sequencing Cycle
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Identical to the second sequencing cycle, except that the

adapter used for adapter Ugation was adaptor #1, and the

upper slrand of adaptor #1 was used as a PCR primer inslead
of the upper strand of adaptor #2.

Subsequent Sequencing Cycles

Following the third sequencing cycle, the second

sequencing cycle was repealed, and following this second

sequencing cycle, the third sequencing cycle was repeated
through the scintiUation counting step.

Sequencing Results

The scintillalion counts at each sequencing interval

(identified by sequencing cycle) are shown below. The

highest counts are in bold type. Counts for the correct
nucleotide were greater than 3.50 fold greater than back-

ground (counts for any other nucleotide) in each of the five

cycles.

10

58
Polymerase (2.5 U//d; Perkin Elmer) in a IxTth DNA
polymerase bufler (20 mM Tricine pH 8.7, 85 mM KOAc,
8% glycerol, 2% (vol/vol) DMSO, 1.1 mM MgCOAc)^, and
200 /(M each dNTP with 25 pmoles of each of the primers
shown in the box below, using the foUowing parameters: 94°
C. for 1 minute followed by 30 thermal cycles (94° C. for 30

seconds, 45° C. for 30 seconds), a final extension at 72° C.

for 7 minutes, and a 4° C. soak.

Primer A: 5'CCATCCGTAAGATGATCTTCTG (SEQ ID
N0:40); mismatches to pUC19 DNA underlined; Dpnl
recognition sequence in bold type. The A was

methylated, and was incorporated during oligonucle-
otide synthesis using a methylated phosphoramidile
(Glenn Research). Primer B: 5'CTCAGAATGACTTG-
GTTG (SEQ ID N0:41).

Digestiou with Dpnl

Template nucleotide
adjacent lo double-
stranded domain
Predicted ddNTP
incoqiorated by
Eemplate-directed

polymerization
Scintillation
counts for
iucorporated
"Plabelled

ddNTPs

G
A
T
c

1

A

T

51,444
255.340

897,960
13,124

s<

2

A

T

20,848
58,063

2,061,827
7,490

^quencmg Cycle Number

3 4

T T

A A

74,217 261.280
3,433,960 2,805,872

9,434 43,309
7,877 18.042

5

G

c

12,436
167.928

229,760
886,184

EXAMPLE 4

This example demonstrates a method that uses restriction

endonuclease digestion to selectively remove primer

directed sequence from a PCR product, without using a free
methylated nucleotide during PCR amplification. This dcm-

onstration is the first use of a PCR primer with a methylated

recognition domain sequence designed to permit selective
cleavage directed by the primer encoded end of a PCR

product. In the context of the sequencing method of this
invention, when generating initial sequencing templates, the

ability to remove PCR primer encoded sequence and its

complement at the end to be sequenced decreases the

number of cycles necessary to sequence PCR product thai
lies beyond the primer.

There is currently only one commercially available

restriction endonuclease, Dpn I, that requires a methylated

sequence for cutting. Dpn I recognizes the sequence GATC,
where the A is methylated. Cutting by Dpn I generates a

blunt end. The methylated A was incorporated into the

primer sequence during routine oligonucleotide synthesis, as
melhyl A is commercially available as a phosphoramidile.

PCR amplification occurred using regular non-methylated

nucleotides, so no portion of any PCR product, apart from
the methylated primer, was methylated. A 55 bp PCR

product was amplified from the plasmicl pUC19. This 55 bp
PCR product and its 40 bp Dpn I digest product arc
illustrated in FIG. 6, and the denaturing acrylamide gel

showing the original PCR product and its Dpnl digestion
product is shown in FIG. 7.
PCR Product Generation with a Primer Encoded Hemi-

Methylated Dpn I Recognition Domain

PCR amplification of a 55 bp product from 4 ng of the
plasmid pUC19 w;is carried oul using 1.6 /d rTlh DNA

33 /d of this product was digested with 1.0 /d or 5.0 /d

Dpnl (20 U//d; New England BioLabs) in the manufactur-

er's Ix buffer in a total volume of 40 fil at 37° C. for 1 hour.

The initial PCR product and its Dpnl cut portions were each

run on a clenaturing acrylamide gel, as shown in FIG. 7. Dpn

I cut the PCR end to very near completion (FIG. 7). In this

example, the Dpnl site was created near the 3' end of the

primer, and incorporating this recognition domain required

45 two mismatches to the original template. This illustrates that

Dpn I, with its short 4 bp recognition domain, can be readily

incorporated near the 3' end of a primer \vithout preventing

PCR amplification. For the sequencing of inserts cloned in

a vector insert, the recognition domain can be placed in the

immediate 3' end of the amplifying primer, because its

nucleotide sequence can be encoded in the vector adjacent to

the inserts to be sequenced. Following digeslion with Dpnl,

an end is generated that can be ligatcd to the initial adapters

55 wilh offset recognition domains i'or the class-HS restriction

endonuclease used in sequencing the insert.

Equivalents

60

Those skilled in the art will be able to recognize, or be

able to ascertain using no more than routine

experimentalion, numerous equivalents to the specific pro-

55 cedures described herein. Such equivalents are considered to

be within the scope of this invention and are covered by the

following claims.
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SEQUENCE LISTING

( 1 ) GENERAL INFORMATION;

( i i i ) NUMBER OF SEQUENCES: 41

( 2 ) INFORMATION FOR SEQ ID N0:1;

( i ) SEQUENCE CHARACTERISTICS:
( A ) LENGTH: 23 base pairs
( B ) TYPE: miclcic acid
( C ) STRANDEDNESS: single
( D ) TOPOLOGY: linear

( i i ) MOLECULE TYTE: DNA

( x i ) SEQUENCE DESCRIPTION: SEQ ID N0:1:

CNNNCATCCG ACCCAOGCGT GCG

( 2 ) INFORMATION FOR SEO ID N0:2:

( i ) SEQUENCE CHARACTERISTICS;
(A)LENGTH:23 base pairs
( B ) TYPE; nncleic acid

( C ) STRANDEDNESS: single
( D ) TOPOLOGY: li.lcar

( I i ) MOLECULE TYPE; DNA

( s i )SEQUENCE DESCRIPTION: SEQ ID N0:2:

ANNNCATCCG ACCCAOGCGT GCG

I 2 I INFORMATION FOR SEQ ID N0:3:

( i ) SEQUENCE CHARACI'ERISTICS:
( A ) LENGTH; 23 tase paiis
( B ) TYPE: nuduic add

( C ) STRANDEDNESS: single
( D ) TOPOLOGY: linear

( 1 i ) MOLECULE TVfE: DNA

( x i ) SEQUENCE DESCRIPTION: SEQ ID N0:3;

TNNNCATCCO ACCCAGGCGT GCO

( 2 ) INFORMATION FOR SEQ ID N0:4:

( i ) SEQUENCE CHARACTERISTICS:
( A ) LENGTH: 23 base pairs
( B ) TYPE; nudcic add
( C ) STRANCEDNESS: single
( D ) TOPOLOGY: linear

( i i )MOLECI)1.RTYPE: DNA

( x i ) SEQUENCE DESCRIPTION: SEQ ID N0:4:

GNNNCATCCG ACCCAGGCGT GCO

I 2 1 NFORMATION FOR SEQ ID N0:5:

( i ) SEQUENCE CHARACTERISTICS:
( A ) LENGTH: 19 base pairs
( B ) nTE; mideic add
( C ) STRANDEDNESS: siugle
( D ) TOl'OLOGY: linear

( i i ) MOLECULE TYPE: DKA

( x i ) SEQUENCE DESCRIPTION: SEQ ID N0:5:
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CGCACGCCTG GGTCGOATG

( 2 ) INFORMATION FOR SEQ ID N0:6;

( 1 ) SEQUENCE CHARACTERISTICS:
( A ) LENGTH: 24 base pans
( B ) TVVE: mickic acid

( C ) CTRANDEDNESS: single
( D ) TOPOLOGY: lincnr

( i i ) MOLECULE TYPE: DNA

(xl) SEQUENCE DESCRIPTION: SEO ID N0:6:

CNiNNCATCCT CTOGGCTGCA CGGG

( 2 ) NFORMATION FOR SEQ ID N0:7:

( i ) SEQUENCE CHARACTERISTICS:
( A ) tENGTH: 24 base pats
( B ) TYPE: imcleic acid
( C ) STRANDEDMESS: single
( D ) TOPOLOGY: linear

( i i ) MOLECULE TYPE: DNA

( x i ) SEQU&NCE DESCRIPTION: SEQ ID N0:7:

ANNNCATCCT CTGOGCTGCA CGGO

( 2 ) INFORMATION FOR SEQ ID N0:8:

( i ) SEQUENCE CHARACTEWSTICS:
( A ) tBNGTH; 24 base pairs
( B ) TYPE; miclcic acid
( C ) STRANDEDNESS: stagli:
( D ) TOPOLOGY: linear

( i i ) MOLECULE TYPE: DNA

( x i ) SEQUENCE DESCRIPTION: SEQ ID N0:8:

TNNNCATCCT CTOGGCTGCA CGGG

( 2 ) INFORMATION FOR SEQ ID N0:9;

( i ) SEQUENCE CHARACTERISTICS:
( A ) LENGTH: 24 base pairs
( B ) TYPE: midcic acid
( C ) STRANDED^D'SS: single
( D ) TOPOLOGY: linear

( i i ) MOLECULE TYPE: DNA

( x- i ) SEQUENCE DHSCRIPTION: SEQ [D N0:9:

GNNNCATCCT CTOGGCTGCA COOO

( 2 ) INFORMATION FOR SEO ID N0:10:

( i ) SEQUENCE CHARACTERISTICS;
( A ) LENGTH: 20 base pairs
( E ) TYPE; nuclcic acid
( C ) STRANDEDNESS: smgle
( D ) TOPOLOGY: linear

( i i ) MOLECULE TYPE: DNA

( x i ) SEQUENCE DESCRIPTION: SEQ ID N0:10:

CC CG TG CAGC C CAGAG GAT G

( 2 ) INFORMATION FOB SEQ ID K0:ll:
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( i ) SEQUENCE CHARACTERISTICS:
( A ) LENGTH: 23 base pairs
( B ) Tt-PE; nuddc add
( C ) STRANCEDNESS: smglc
( D ) TOPOLOGY: linear

( i i ) MOLECULE TYPE: DNA

( x i ) SEQUENCE DESCRIPTION: SEQ ID N0:11:

GTTTTCCTGO ATGATGCCCT GGC

( 2 ) WFORMATION FOR SEQ ID N0:12;

( i ) SEQUENCE CHARACTERISTICS:
( A ) LENGTH: 25 base pairs
( B ) TYPE: nuclcic add
( C ) STRANDEDNESS: single
( D )TOPOLOGY: linear

( I i ) MOLECULE TYPE: DNA

( x i ) SEQUENCE DESCRIPTION: SEQ ID N0:12:

CATGCTTTGA TGACGCTTCT GTATC

( 2 ) INFORMATION FOR SEQ ID N0:13:

( i ) SEQUENCE CHARACTBRISTICS:
( A ) LENGTH: 23 base pairs
( B ) TYPE; nndeic acid
( C ) STRANDEDNESS: angle
( D ) TOPOLOGY; linear

( i i ) MOLECULE TYPE; DNA

( x i ) SEQUENCE DESCRIPTION; SEQ ID N0:13;

CNNNCATCCO ACCCAGGCOT OCO

( 2 ) INFORMATION FOR SEQ ID N0:14:

( i ) SEQUENCE CHARACTERISTICS;
( A ) LENGTH; 23 base pairs
( B ) TYPE: midcic add
( C ) STRANDEDNESS: single
( D ) TOPOLOGY: linear

( i i ) MOLECULE TYPE: DNA

( x i ) SEQUENCE DESCRIPTION: SEQ ID N0:14:

ANNNCATCCO ACCCAGGCGT GCG

( 2 ) INFORMATION FOR SEQ ID N0:15:

( i ) SEQUENCE CHARACTERISTICS:
( A ) LENGTH; 23 base pairs
( B ) TYPE; nuclcic acid
( C ) STRANDEDNESS: siaslc
( D ) TOPOLOGY: linear

( i i ) MOLECULE TlTE: DNA

( x i )SEQUENCE DESCRIPTION; SEQ ID N0:15:

TNNNCATCCO ACCCAOGCGT GCG

( 2 ) INFORMATION FOR SEQ ID N0:16:

( i ) SEQUENCE CHARACT£RIST1CS:
( A ) LilNGTH: 23 base pairs
( B ) TYPE: middc acid

( C ) STRANDEDNESS: single

( D ) TOFOLOGY: linear
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( i i ) MOLECULE TYPE: DNA

( x i ) SEQUENCE DESCRIFTION: SEQ ID N0:16:

GNNNCATCCG ACCCAGGCGT GCG

( 2 ) DWORMATION FOR SEO ID N0:17:

( i ) SEQUENCE CHARACTERISTICS:
( A ) LENGTH: 19 base pairs
( B ) TYPE: mdcic add
( C ) CTRANDEDNESS: single
( D ) TOPOLOOY: linear

( i 1 ) MOLECULE TYPE: DNA

( x i ) SEQUENCE DESCRIPTION: SEQ ID N0:17:

CGCACGCCTG GGTCGGATG

( 2 ) INFORMATION FOR SEO ID N0:18:

( i ) SEQUENCE CHABACTERISTICS:
( A ) LENGTH; 24 base paira
( B ) TYPE: nnclcic acid
( C ) STRANDEDNESS: single
( D ) TOPOLOGY: linear

( i i ) MOLECULE TYPE: DNA

( x i ) SEQUENCE DESCRIPTION: SEQ ID N0:18:

CNNNCATCCT CTGGGCTGCA CGGG

( 2 ) INFORMATION FOR SEQ ID N0:19:

( i ) SEQUENCE CHARACTERISTICS:
( A ) LENGTH: 24 base paid
( B ) Tt'PE: imdeic acill

( C ) STRANDEDNESS: single
( D ) TOPOLOGY; linear

( i i ) MOLECULE TYPE; DNA

( x i ) SEQUENCE DESCRIPTION: SEQ ID N0:19;

ANNNCATCCT CTGGGCTGCA CGGG

( 2 ) INFORMATION FOR SEQ ID N0:20:

( i ) SEQUENCE CHARACTERISTICS:
( A ) LENGTH: 24 base pairs
( B ) TYPE: nudcic acid

( C ') STRANDEDNESS: single
( D ) TOPOLOGY: linear

( i i ) MOLECULE TYPE: DNA

( x i ) SEQUENCE DESCRIPTION: SEQ [D N0:20;

TNNNCATCCT CTGGGCTGCA COGO

( 2 ) INFORMATION FOR SEQ ID N0:21;

( i ) SEQUENCE CHARACTERISTICS:
( A ) LENGTH: 24 base pairs
( B I Tt'PE: mideic acid

( C ) STRANDEDNESS: single
( D ) TOI'OLOGY: linear

( ) i ) MOLKCULE TYPE: DNA

( x i ) SEQUENCE DESCRIPTION: SEQ ID N0:21:
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ONNNCATCCT CTOGOCTGCA CGGG

( 2 ) WFORMATION FOR SEQ ID N0:22:

( i ) SEQUENCE CHARACTERISTICS:
( A ) LENGTH: 20 base pairs
( B ) TyPE: nudcic acid
( C ) STRANDEDNESS: single
( D ) TOPOLOGY: linear

( i i ) MOLECULE TO'E: DNA

( x i ) SEQUENCE DESCRIPTION; SEQ ID N0:22:

CCCOTOCAOC CCAGAGCATO

( 2 ) INFORMATION FOR SEQ ID N0:23;

( i ) SEQUENCE CHARACTERISTICS:
( A ) LENGTH; 23 base pans
( B ) TYPE: mideic acid
( C ) STRANDEDNESS: angle
( D ) TOPOLOGY: linear

( i i ) MOLECULE TYPE: DNA

( x i )SEQUENCE DESCRIFTION: SEQ ID N0:23:

CGCACOOCTO GOTCGGAGGA GNC

( 2 ) NFORMATION FOR SEQ ID N0:24:

( i ) SEQUENCE CHARACTERISTICS:
( A ) LENGTH: 23 base pairs
( B ) TYPE: nudcic acid
( C ) STKANDEDNESS: single
( D ) TOPOLOGY: linear

( i i ) MOLECULE TYPE: DNA

( x S ) SEQUENCE DESCRIPTION: SEQ ID N0:24:

COCACGOCTO GGTCOGAGGA ON A

( 2 ) INFORMATION FOR SEQ ID N0:25:

( i ) SEQUENCE CHARACTERISTICS:
( A ) LENGTH; 23 base pairs
( B ) TYPE: nuclcic acid
( C ) STRANDEDNESS: single
( D ) TOPOLOGY: linear

( i i ) MOLECULE TkTE: DNA

( x i ) SEQUENCE DESCRIPTION: SEQ ID N0:25:

CGCACGGCTG OOTCGGAGGA GNT

( 2 ) E-IFORMATION FOR SEQ ID N0:26:

( i ) SEQUENCE CHARACTERISTICS;
( A ) LENGTH: 23 base pairs
( B ) TYPE: nuclcic acid
( C ) STRANDEDNESS: single

( D ) TOPOLOGY: linear

( i i ) MOLECULE TYPE: DNA

( x i ) SEQUENCE DESCRIPTION: SEQ ID N0:26:

CGCACGGCTG GGTCGGAGGA GNG

( 2 ) NFORMATION FOR SEQ ID N0:27:
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( i ) SEQUENCE CHARACTERISTICS:
( A ) LENGTH: 21 base pairs
( B ) TYPE: miclcic acid
( C ) STRANDEDNESS: smgle
( D ) TOPOLOGY: linear

( i i ) MOLECULE TYPE; DNA

( s i ) SEQUENCE DESCRIPTION: SEQ ID N0:27;

CTCCTCCOAC CCAGCCGTOC G

( 2 ) INFOKMATION FOR SEQ ID N0:28;

( i ) SEQUENCE CHARACTERISTICS:
( A ) LENGTH: 24 base pin,
( B ) TYfE: nucleic acid
( C ) STRANDEDNESS: single
( D ) TOPOLOOY: linear

( i I ) MOLECUI.E TYPE: DNA

( x i ) SEQUENCE DESCRIPTION: SEO [D N0:28:

OOTGCGCCAG TCCAGCOAGG AGNC

( 2 ) INFORMATION FOR SEQ ID N0:29:

( i ) SEQUENCE CHARACTERISTICS:
( A ) LENGTH: 24 base pass
( B ) T/PE; mideic add
( C ) STRANDEDNESS; single
( D ) TOPOLOGY: linear

( ! i ) MOLECUUS TYPE: DNA

( x i ) SEQUENCE DESCBIPTION: SEQ ID N0:29:

GGTGCGCCAG TCCAGCGAGG AONA

( 2 ) INFORMATION FOR SEQ ID N0:30:

( i ) SEQUENCE CHARACTERISTICS;
( A ) LENGTH; 24 base pairs

( B ) WE: imcleic acid
( C ) STRANDEDNESS: single
( D ) TOPOLOGY: linear

( i i ) MOLECULE TYPE: DNA

( s i ) SEQUENCE DESCRIPTION: SEQ [D N0:30:

GGTGCGCCAG TCCAGCGAGG AGNT

( 2 ) INFORMATION FOR SEQ ID-N0:31:

( i ) SEQUENCE CHARACTERISTICS:
( A ) LENGTH: 24 li.iac pairs
( B ) Ti'TE: nuddc arid
( C ) STRANDEDNESS: single

( D ) TOPOLOOY: linear

( i i ) MOLECULE TYPE: DNA

( x i ) SEQUENCE DESCRIPTION: SEQ ID N0;31:

•AC TCCAGCGAGG AONG

( 2 ) INFORMATION FOR SEQ ID K0:32:

( i •! SEQUENCE CHARALTERISTICS:
( A ) LENGTH: 22 base pairs
( B ) TYPE: nndcic acid

( C ) STKANDEDNESS: single

( D ) TOPOLOGY: linear
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( i i ) MOLECULE Tl-PE: DKA

( x i ) SEQUENCE DESCRIPTION: SEQ ID N0:32:

CTCCTCGCTG GACTGGCOCA CC

( 2 ) INFORMATION FOR SEO ID N0:33:

( i ) SEQUENCE CHARACTERISTICS:
( A ) LENGTH: 35 base pairs
( B ) TYPE: midcic acid
( C ) STRANDEDNESS: single
( D ) TOPOLOm-: linear

( i i ) MOLECULE TiTE: DNA

( x i ) SEQUENCE DESCRIPTION: SEQ ID N0:33:

TCTGTTCTCA GTTTTCCTGG ATGAGGAGTG GCACC

( 2 ) INFORMATION FOR SEQ ID N0:34:

( i ) SEQUENCE CHARACTERISTICS:
( A ) LENGTH: 21 base pairs
( B ) TVrE: nndeic acid

( C ) STRANDEDNESS: single
( D ) TOPOLOGY; linear

( i i ) MOLECULE n'PE: DNA

( x i ) SEQUENCE DESCRIPTION: SEQ ID N0:34:

CGCACGOCTO GOTCGGAGGA G

( 2 ) INFORMATION FOR SEQ ID N0:35:

( i ) SEQUENCE CHARACTERISTICS;
( A ) LENGTH: 22 base pairs
( B ) TYPE: nucleic acid
( C ) STRANDEDNESS; single

( D ) TOPOLOGY: linear

( i i ) MOLECULE T>7E: DNA

( x i ) SEQUENCE DESCRIPTION; SEQ ID N0:35:

GOTGCGCCAO TCCAGCGAOG AC

( 2 ) INFORMATION FOR SEQ ID N0:36:

( i ) SEQUENCE CHARACT£RIST[CS:
( A ) LENGTH: 22 base pairs
( B ) TyPE; nuclcic acid
( C ) STRANUEDNES.S: ).inglc
( D ) TOPOLOGY; linear

( i i ) MOLECULE TfTE: DNA

( x i ) SEQUENCE DESCRIPTION: SEQ ID N0:36:

NNNCATCCOA CCCAGGCOTG CO

( 2 ) INFORMATION FOR SEQ ID N0:37:

( i ) SEQUENCE CHARACTERISTICS;
( A ) LENGTH: IS base pnira
( B ) TYPE: nudeic acid
( C ) STRANDEDNESS: single
( D ) TOI'OLOGY: linear

( i i ) MOLECULE T{?: DKA

( x i ) SEQUENCE DESCRIPTION: SEQ ID N0:37:
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CGCACGCCTG C.GTCGGATG

( 2 ) INFORMATION TOP SEQ ID N0:38;

( i ) SEQUENCE CHARACTERISTICS;
( A ) LENGTH: 23 base pairs
( B ) TYPE: miclelc acid
( C ) CTRANDEDNESS: single
( D ) TOPOLOGY: Imear

( i i ) MOLECULE TYPE: DNA

I x i ) SEQUENCE DESCRIPTION; SEQ ID N0:38:

NNNCATCCTC TGGGCTGCAC GGG

( 2 ) INFORMATION FOR SEQ ID N0:39:

( i ) SEQUENCB CHARACTERISTICS:
( A ) LENGTH: 20 base pairs
( B ) TYPE; middc acid
( C ) ETRANDEDNESS: single

( D ) TOPOLOGY: Imear

( i i )MOLRCUI.F.TYPE:DNA

( x i ) SEQUENCE DESCKITTION: SEQ ID N0:39:

CCCGTGCAGC CCAGAGOATG

( 2 ) INFORMATION FOR SEQ ID N0:40:

( i ) SEQUENCE CHARACTERISTICS:
( A ) LENGTH: 22 base pairs
( B ) TYPE: nuclcic add
( C ) STRANDEDNESS: single
( D ) TOPOLOGY; linear

( i i ) MOLECUU3 TYPE: DNA

( x i ) SEQUENCE DESCRIPTION: SEQ ID N0:40:

CCATCCGTAA GATGATCTTC TO

( 2 ) MFORMATION FOB SEQ ID N0:41:

( I ) SEQUENCE CHARACTERISTICS:
( A ) LENGTH: 18 base pairs
( B ) TyPE: mcleic acid
( C ) STBANDEDNESS: single
( D ) TOPOLOGY: linear

( i i ) MOLECULE rypE; DNA

(xi) SEQUENCE DESCRIPTION: SF.Q ID N0:41:

CTCAGAATGA

I claim:
1. A sequencing method for identifying a first nucleotide 55

D and a second nucleolide n+x in a double slrandecl nucleic
acid segment, comprising:

a) digesting said double stranded nucleic acid segment
\vith a restriction enzyme whose cleavage site is sepa-
rate from its recognition site to produce a double
stranded molecule having a single stranded overhang
sequence corresponding lo an enzyme cul site;

b) providing an adaptor having a cycle identification lag,
a restriction enzyme recognition domain, a sequence
ideutification region, and a deleclable label;

c) hybridizing said adapter to said double stranded nucleic
acid having said single-stranded overhang sequence to
form a ligaled molecule;

60

65

d) identifying said nucleotide n by identifying said ligated
molecule;

e) amplifying said ligated molecule from step (d) with a
primer specific for said cycle identification lag of said
adaptor; and

f) repeating steps (a) through (d) on said amplified mol-
ecule from step (e) lo yield ihe identily of said nucle-

otide n+x,

wherein x is less than or equal to the number of nucle-
otides between a recognition domain for a restriction

enzyme and an enzyme cut site.

2. The method of claim 1, wherein said enzyme cut site is

the cut site located the farthest away from said recogailion

domain.
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3. The method of claim 1, wherein said restriction enzyme
of step (a) is a class-IIS restriction endonuclease.

4. The method of claim 3, wherein said class-HS restric-
lion endonuclease is selected from the group consisting of
AccBSI, AceIII, Acil, AclW], Alwl, Alw26I, AlwXI, s
Asp26HI, Asp27HI, Asp35HI, Asp36HI, Asp40HI,
Asp50HI, AsuHPI, Bael, Bbsl, Bbvl, BbvII, Bbvl6II,
Bce83I, Bcefl, Beg], Bco5I, Bcoll6I BcoKJ, Binl, BU736I,
Bpil, Bpml, BpulOI, BpuAI, Bsal, BsaMI, Bsc9II, BscAI,
BscCI, BseII, Bse3DI, BseNI, BseRI, BseZI, Bsgl, Bsil,
Bsml, BsmAI, BsmBI, BsmFI, Bsp24I, Bsp423I, BspBS3II,
BspIS4I, BspKT5I, BspLUllIII, BspMI, BspPI, BspST5I,
BspTS514I, Bsrl, BsrBI, BsrDI, BsrSl, BssSI, Bstlll,
Bst71I, Bst2BI, BstBS32I, BstD102I, BslF5I, BstTS5I,
Bsu6I, Cjel, CjePI, Eamll04I, Earl, Eco31I, Eco57I,
EcoA4I, Eco044I, Esp3I, Paul, Fokl, GdiII, Gsul, Hgal, 15

Hphl, Ksp632I, Mboll, Mlyl, Mmel, Mnll, Mval269I,
Phal, Piel, RleAI, Sapl, SfaNI, Siml, Stsl, TaqII, TspII,
TspRI, TlhlllII, and VpaK32I.

5. The method of claim 1, wherein a nucleic acid ligase is
used to attach at least one strand of said restriction enzyme 20
recognition domain of step (b) to said nucleic acid segment.

6. The method of claim 1, wherein said method further
comprises blocking an enzyme recognition domain lying

outside said enzyme recognition domain of step (b).

7. The method of claim 6, wherein said blocking occurs 25
through an in vitro primer extension.

8. The method of claim 7, wherein said in vilro primer
extension is DNA amplilicalion in vilro.

9. The method of claim 8, wherein said DNA amplifica-

tion in vitro occurs during said amplification in step (e). 30
10. The method of claim 7, wherein said in vitro primer

extension occurs following said amplification in step (e).

U. The method of claim 7, wherein said method further

comprises hemi-methylating an enzyme recognition domain
lying outside said enzyme recognition domain of step (b). 35

12. The method of claim 11, wherein said hemi-

methylation occurs through an in vitro primer extension

using a primer having a portion of said enzyme recognilicm
domain that blocks enzyme recognition if it is hemi-

melhylated. 40

13. The method of claim 12, wherein said primer exten-
sion occurs with a methylaled nucleotide.

14. The method of claim 7, wherein said restriction

endonuclease recognizes a hemi-methylated recognition

domain, and the primer contains at least one methylated 45
nucleotide in a melhylated portion of said recognition

domain.
15. The method of claim 1, wherein said nucleic acid

segment is a genomic DNA.

16. The method of claim 1, wherein said nucleic acid 50

segment is a cDNA.
17. The method of claim 1, wherein said nucleic acid

segment is a product of an in vitro DNA amplification.

18. The method of claim 1, wherein said nucleic acid

segmenl is a PCR product. 55
19. The method of claim 1. wherein said nudeic acid

segment is a product of a strand displacement amplification.

20. The method of claim 1, wherein said nucleic acid

segment is a vector insert.
21. The method of claim 1. wherein said deteclable label 60

is selected from one or more of the group consisting of
fluorescent, near infra-red, radionucleolide and chemilumi-

nescent labels.

22. The method of claim 1. wherein said nucleic acid

segment is attached to a solid matrix. 65
23. The method of claim 22, wherein said solid matrix is

a magnelic slreptavidin.

24. The method of claim 22, wherein said solid matrix is

a maguelic glass particle.
25. The method of claim 1, wherein said adaplor of slep

(b) is attached to a solid matrix.
26. The method of claim 25, wherein said solid matrix is

a magnetic slreplavidin.
27. The method of claim 25. wherein said solid matrix is

a magnetic glass particle.
28. A method for sequencing an interval within a double

stranded nucleic acid segment by identifying a first nucle-

otide n and a second nucleotide n+x in a plurality of
staggered double stranded molecules produced from said

double stranded nucleic add segment, comprising:

a) attaching an enzyme recognition domain to different
positions along said double stranded nucleic acid seg-

ment within an interval no greater than the distance

between a recognition domain for a restriction enzyme

and an enzyme cut site, such attachment occurring at
one end of said double stranded nucleic acid segment;

b) digesting said double stranded nucleic acid segment

wilh a restriction enzyme whose cleavage site is sepa-

rate from its recognition site to produce a plurality of

staggered double stranded molecules each having a

single stranded overhang sequence corresponding to
said cut site;

c) providing an adapter having a restriction enzyme

.recognition domain, a sequence identification region,
and a detectable label;

d) hybridizing said adaptor to said double stranded
nucleic acid having said single-stranded overhang

sequence to form a ligated molecule;

e) identifying a nucleotide n within a staggered double
stranded molecule by identifying said Ugated molecule;

f) repeating steps (b) through (e) to yield the identity of
said nucleolide n+x in each of said staggered double

stranded molecules having said single strand overhang
sequence thereby sequencing an interval within said

double stranded nucleic acid segment,

wherein x is greater Ihan one and no greater than the

number of nucleotides between a recognition domain

for a restriction enzyme and an enzyme cut site.
29. The method of claim 28, wherein said enzyme cut site

is the cut site located the farthest away from said recognition

domain.
30. The method of claim 28, wherein said restriction

enzyme of step (b) is a class-IIS restriction endonuclease.
31. The method of claim 30, wherein said class-IIS

restriction endonuclease is selected from the group consist-

ing ofAccBSI, AceIII, Acil, AdWl, Alwl, Alw26I, AlwXI,

Asp26HI, Asp27HI, Asp35HI, Asp36HI, Asp40HI,
Asp50HI, AsuHPI, Bael, Bbsl, Bbvl, BbvII, Bbvl6II,

Bce83I, Bcefl, Bcgl, Bco5I, Bcoll6I Bcoia, Binl, BH736I,

Bpil, Bpml, BpulOI, BpuAl, Bsal, BsaMI, Bsc9II, BscAI,

BscCI, BseII, Bse3DI, BseNI, BseRl, BseZl, Bsgl, Bsil,
Bsm), BsmAI, BsmBl, BsmFI, Bsp24I, Bsp423I, BspBS3II,

BspIS4I, BspKT5I, BspLUllIII, BspMl, BspPI, BspST5I,
BspTS514I, Bsrl, BsrBI, BsrDI, BsrSI, BssSI, Bstlll,
Bst71I, Bst2BI, BstBS32I, BstD102I, BslF5I, BstTS5I,
Bsu6I, Cjel, Cje.PI, Eamll04I, Earl, Eco31I, Eco57I,

EcoA4I, Eco044I, Esp3I, Paul, Fokl, GdiII, Gsul, Hgal,

IIphl, Ksp632I, MboII, Mlyl, Mmel, Mnll, Mval269I,
Phal, Piel, RleAI, Sapl, SfaNI, Sim], Slsl, TaqII, TspII,

TspRI, TthlllII, and VpaK32I.
32. The method of claim 28, wherein a nucleic acid ligase

is used to attach at least one strand of said restriction enzyme

recognilion domain ofslep (c) to said nucleic acid segment.
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33. The method of claim 28, wherein said method further c) providing an adapter having a cycle identification tag
comprises blocking an enzyme recognition domain lying and a restriction enzyme recognition domain;
outside said enzyme recognition domain of step (c). d) ligating said adaplor lo said double slranded nucleic

34. The method of claim 33, wherein said method further acid to form a ligated molecule;

comprises methykling an enzyme recognition domain lying 5 e) amplifying said ligated molecule from step (d) with a
outside_said enzyme recognition domain of step (c). ' primer'specific for'said cycle identification tag of said

35. The method of claim 34, wherein said methylation adaptor;'and

occurs through in vitro reactioD with a methylase that Q repeating steps (a) through (b) on said amplified mol-
recogmzes the^enzyme recognilion domam of step (c). ' e^lg ^om step '(e) to yirid Vhe identity of said nucle-

36. The method of claim 35, wherein said methylase is a ., „,;,
10 unuc u+,\,

wherein x is less than or equal to the number of nucle-
.3Z^?emettodofcl^33'.whereinsai^ "orides between a' recognition domain fo7 a'restnclion

th^Jl"n^roprimer^e"slon;._ ^... .„.- ___„ enzyme and an enzym^'cutiite;"
-.38_'_ThemeAod o_f_cli!;m_37'-wheremsaid in vitro primer 57'The"met~ho'dofdaim"56^wherem said enzyme cut site

ext^s^BDNAampUfica^oninvitro^^^^^^^ ^ isthecuTsiteYocTted'thelvthestaway'f^^^^^^^^
', wnerein saiamemou lunner ^-' ,!„„„„

ccmpriseshem^mythylatingaD enzyme recogni&n domain "^"The method of claim 56, wherein said restriction
lyi^ o^side_saidCTzyme^cogmfon domain ofsjep ^ ^^^; ^ ^"^ ^ cTass-IIS restriction "endon'ucieas'e."
^ 40.^ The_ method ^of ^ clam 39,__wherein ^ai^ hemi- -59- ^; "^thod""of ciaim"58,~where'm Taid"dass-TlS

methylatioDorcurs_tllrou_gh.aD m-vhro_primeLextcnslon „ restriction'endonudease isseiected fromVh'e group'consist'-
usiDg-a pnmcrhaymg alort?n-ofs"dJ"zyme..rccogmtloD 20 ingofAccBSrAc6ULAc"il7AcTw^ Alwxi,
dora.ain.,.that blocks enzyme r6cosnition if it is hemi- A^6m7Asp27'Hi','Asp35HI,''Asp3'6HI,~Asp40HI';

me<mym,lecL-..,.--, -r .,..^ .,n -,.^.-.^ ^.. _._-^. -^. Asp50HI,AsuHPI, BaeI/BbsI, Bbvl, Bbvl], Bbvl6H,
^._4LThemethod of-daim40'_wherci.ns<licl primer exten- Bc^3I,~'Bc6i;'Bcgi,~Bco5l7BcolU6I~BcoKI," Bmi;

sio^oc^urs with^m^hylated^ucleotide^ ^ __^_ BU736i', BpiI,"BpmiBBpulOI;BpuAI; B^ai,' BsaMl7'Bsc9'ii;
J2LThe-method-of_claim.37';whTin.say.restnctlon 25 BscAl7B^^Cl7BseH7B"se3Dl,l37e?,i7eRr/BseZL"Bsgi^

c,ndoTclease .rccogmzcs __^hemi'methylated. reeogmtion Bsii,"Bs'mi"BsmAi', "BsmB'I, "BsmFl7Bsp24I,"Bs'p42Ji^

doTiDLaD<Lthe prmer.contamla!. least..°D6 methylated BspBS3iLBspIS4I,"BspKT5I,' BspLUUm'BspM^Bsppi',
nucleolide in a methykted portion of said recognition Bspsf5l7BsprTS5ul~BsrT'BsrBrBs7DI',~B^SI,' B'^Sl,

Bstlll, Bst71I, Bst2BI, BstBS32I, BstD102I, BslF5I,
43. The method of claim 28, wherein said nucleic acid _.. ^'_"m^ "^""T' ^""^"^•''^"'r',"'"*^^'^"'^"'^' ^'"",^^'

segmentTs'a'ge'nomic DNA."' """"'"' '"'" """^ ^ 30 BstTS5I.BTa' J:N'.qeNljTUMI',.EarIl.ETO311'

-44:The meThoTof claim" 28, wherein said nucleic acid EC057I',ECOA4IIEC0044I>ESP31; Fau!' FokL GCUII'GSUI>
segmentTsa'cDNA" """" "'" """"" """' '"'"" "~~ Hgal Hphl Ksp632I, MboII Mlyl Mmel Mnl]

45. The method of claim 28, wherein said nucleic add Mval269I, Phal, PieI,RleAI, Sapl, SfaNI, Siml, Sts], TaqII,

segment is a product of an in vitro DNA amplification. TSPU'TSPRI' Tth11111' <™d_VpaK32I.
46. The method of claim 28, wherein said nucleic add 35 60. The method of claim 56, wherein a nucleic acid Kgase

segment is a PCR product. is used to attach at least one strand ot'said restriclioa enzyme

47. The method of claim 28, wherein said nucleic acid recognition domain of step (c) to said nucleic acid segment.
segment is a product of a strand displacement amplification. 61. The method of claim 56, wherein said method further

48. The method of claim 28, wherein said nucleic acid comprises blocking an eazyme recognition domain lying

segment is a vector insert. 40 outside said enzyme recognition domain of step (c).
49. The method of claim 28, wherein said detectable label 62. The method of claim 61, wherein said blocking occurs

is selected from one or more of the group consisting of through an in vitro primer extension.
fluorescent, near infra-red, radionucleotide and chemUumi- 63.~The method of claim 62, wherein said in vitro primer

nescenl labels, extension is DNA amplification in vitro.
50. The method of claim 28, wherein said nucleic acid 45 64. The method of claim 63, wherein said DNA amplifi-

segment is attached to a solid matrix. cation in vitro occurs during said amplification in step (e).
51. The method of claim 50, wherein said solid matrix is 65. The method of claim 62, wherein said in vitro p'rimer

a magnetic streptavidin extension occurs following said amplification in step (e).
52. The method of claim 50, wherein said solid matrix is 66. The method of claim 62, wherein said method further

a magnetic glass particle. 50 comprises hemi-methylating an enzyme recognition domain
53. The method of claim 28 wherein said adapter of step )ymg outside said enzyme recogmtion domain of step (c).

(c) is attached to a solid matrix. ' 57. The method of claim" 66, wherein said 'hemi-

54. The method of claim 53, wherein said solid matrix is methylation occurs through an in vitro primer extension

a magnetic streptavidin. using a primer having a portion of said enzyme recognition
55. The method of claim 53, wherein said solid matrix is 55 domain that blocks enzyme recogmlion if il is hem i-

a magnetic glass particle, methylatecl.

56 A sequencing melhod for idenlifying a first nucleolide fis. The method of claim 67, wherein said primer exlen-
n and a second nucleotide D+X in a double stranded nucleic gjoji occurs with a methvlated nucleotide.

acid segment, comprising: 69. The method of claim 62 wherein said reslriction

a) digesting said double stranded nucleic acid segment 60 endonuclcase recognizes a hemi-methylated recognilion

wilh a rcslriclion enzyme whose cleavage site is sepa- domain, and the primer contains at leasl one methylated

rate from its recognition site to produce a double nucleotide in a methylated portion of said recognition
stranded molecule having a 5' single stranded overhang domain.

sequence corresponding to an enzyme cut site; 70. The method of claim 56, wherein said nucleic acid

b) identifying said nucleotide n by template-directed 65 segment is a genomic DNA.
polymerizatiou with a labeled nucleolide ornucleotide 71. The method of claim 56, wherein said nucleic acid

terrainalor; segment is a cDNA.
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72. The method of claim 56, wherein said nucleic acid wherein x is greater than one and no greater than the
segment is a product of an in vitro DNA amplificalion. number of nucleotides between a recognition domain

73. The method of claim 56, wherein said nucleic acid for a restriction enzyme and an enzyme cut site.
segment is a PCR product. 88. The method of claim 87, wherein said enzyme cut site

74. The melhocl of claim 56, wherein said nucleic acid 5 is the cut site located the farthest away from said recognition
segment is a product of a strand displacement amplification. domain.

75. The method of claim 56, wherein said nucleic acid 89. The method of claim 87, wherein said restriction
segment is a vector insert. enzyme of step (b) is a class-IIS restriction endonuclease.

76.Themethodof claim 56. wherein said label is selected 90. The method of claim 89, wherein said class-IIS
1'rom one or more of Ihe group consisting of fluorescenl, near reslriction endonuclease is selected from Ihe group consisl-
infra-red, radionucleotide and chemilumiuescent labels. *" ing ofAccBSI,AceIII,Aci[,AclWI,AlwI,Alw26I,AlwXl,

77. The method of claim 56, wherein said nucleic acid Asp26HI, Asp27HI, Asp35HI, Asp36HI, Asp40HI,
segment is attached to a solid matrix. Asp50ffl, AsuHPI, Bad, Bbsl, Bbvl, BbvII, Bbvl6II,

78. The method of claim 77, wherein said solid matrix is Bce83I, Bcefl, Bcgl, Bco5I, Bcoll6I BcoICI, Binl, Bli736I,

a magnetic streptavidm. Bpil, Bpml, BpulOI, BpuAI, Bsal, BsaMI, Bsc9II, BscAI,
79~The method of claim 77, wherein said solid matrix is 15 BscCI, BseII, Bse3DI, BseNI, BseRI, BseZI, Bsgl, Bsil,

a magnetic glass particle. 5SD^L' ?s]?/^^.??_1?^' ^ls??^Itj?s??^1.' .?S?.42:?L' ^?P^J?!i'
80'The method of claim 56, wherein said adaplor of step BSPIS4!> BSPKT51' BSPLU11IILBS£MI'. BSPPI;.BSPST5!'

(c) is attached to a solid malrix. ' ' BspTS514I, Bsrl BsrBI BsrDI BsrSI, BssSI BstlH,

3S^,:^.»,,«^,,^^,. „ jss-^^si;"^^
aS^S:L. 80, ^.ein said solid .a.rix is ^u E?^^E^^^^^^^

Hphl, Ksp632I, MboII, Mlyl, Mmel, Mnll, Mval269I,
a msT^ STtun 56, wherein said step (a) is ^PS:u&Al:^swl:'sml' stsI^Taqn''TW
modmed~to-generate"ablu-n1enciiD~said-nucleic'acidse^ __ TSPRIJlhmII'andYpaIa2L...^.^ ..._,_..._..,,._
meut~" '" °""'~" " '"~" -"~ "' ''~"- -—--- -— --° ^ 91. The method of claim 87, wherein a nucleic acid ligase

"84: The method of claim 83, wherein said step (b) is isuseclto attach at least one strand of said restriction enzyme

modifiecfto'idendfy'a nmileodde in'said'blunt encfof^akl re"lgmiio° dom^norslep W tosaMnucl^cac^segm^L
mideicacid segment byusmg^-exonuclease activity of a 92;The mctbodot ^dam^71whCTem^"K;USriher

DNApolyme7aosTto'generate: singl'eDUcTeolideloDgsmgle- ,.. compnses,blockin.g aD_eDzyme rccognltion.doma,u lyiDg
stranc^ auclekaciS'template:""0" """"" "~° ••~°" 30 ou^d^said e^ym^recogmfen domain of step^

'85"Themelho'cfofdaTm'84, said method further corn- 93- The method of claim 92- whereiD said method further

prisiDg'sequencingsaidnucleotide-by~a'tempYate-directed compnsesmethylalingaaemym^c5Ditlondom^

poTymaer^on'w?~aTabeTedDUcleorideor7ucleorideVe^ ou^d^saideDzymerecogmt^ndTain.of.step.(d^
minator"""'"" ~~ ~' "'~-"- ~--"-"— -- --------- --- g^ ^g method of claim 93, wherein said methylation

"86."Tbe method of claim 85, wherein said template- 35 occurs through in vitro reacdon with ^ methylas^ that

directed polymerizalkm is'followcd by'identificalion^'an rec^^^M?^e.reTO?l^.dom;un^slq?.(d): „
labe'L"""" '" ~""~ " -- "'' '--""'"-"~ " ~ ~ -~ 95. The method of claim 94, wherein said methylase is a

87.Amelhod for sequencing an interval within a double FOM melhy s,e^ _^ _,.,_ ^ ...^_..._ ...... ^,„,..._
stranded'nuckic7cid7egmen7by"identifving'a"firstnucle-- , „ 96-The "ethodof claim^ 92, wherem said blocldng occurs

odcteT andTsecond'nucleotiden+xml. phirality of 40 thl^gh,an,m,vltro.primere^tellslon;^ __„„.,.„,_.
staggerecFdouble 'stranded molecules produced "from 'said _ __97-Jhe method of_claim_96.'_whereinsaid in vitro primer

dauMe stranded nucleic acid segment, comprising: --- ext^s^nisDNATPlific^lon-mvitr0:...

a) attachma an enzyme recoamliou domain to ditterent - . -- ; . , ,.. '
smi-mythylating an enzyme recognition domain

iilions alona said double stranaecl nucleic acia see- , . •• . ., .,' ' " ..•: , "
45 lying outside said enzyme recognition domain of step (d).

merit within an inlerval no grealer than the distance "" *J^ "^~~^'.^^'"^t''^^vnc~'',^".'^' ~^..:^~'i^
99. The method of claim 98, wherein said hemi-

between a recoenilion domain for a reslriclion enzyme '.,",""' —-—~-^~- -^—~ ^-> ^y-—— -.—^--_
lation occurs through an in vitro primer extension

and an enzyme cul sile, such attachment occurring al ."^_'^lT.7_^Lr.\L^"l~.T°^^\'<-\.;^'L^."^^^-^;,
a

one end of said double stranded nucleic acid segment; Z*^o;^r,'kTt'Vi~^"^B^7™'^".^^^,^'';'i:~;.'-:.^°C.'^:''
recognition it it is hemi-

b) digesting said double stranded nucleic acid segment ^

wilh a^reslridioD enzyme whose cleavage sUe^^di^ -- "'100: The method of claim 99, wherein said primer exten-
ferenlfrom^tsrecogmlion site to producer plurality of ^ ;^ with7methylated'nucieolide:-
staggered doubk stranded molecules each having a 5' ^ ^ ,^thocTof-claim 96, wherein said restriction

single stranded overhang sequence corresponding to endonuclease"recogmzes- Fhemi-methylated recogniliou

cut ; .... 55 ilomain, and the prmier conlains al lcasl one melhylaled
c) identifying a nucleotide n within a staggered double, nucleotide in a methylated portion of said recognition

stranded molecule by template-direcled polymerizalion domain.

with a labeled nucleotide or nudeotide terminator; 101 The method of claim 87, wherein said nucleic acid

d) providing an adapter having a reslriction enzyme segment is a geaomic DNA.

recognition domain; gg 1Q3. The method of claim 87, wherein said nucleic acid

e) ligaling said adaplor lo said double slranded nuclcic segment is a cDNA.

acid to form a ligaled molecule; 104. The method of claim 87, wherein said nucleic acid

f) repealing steps (b) through (c) to yield the identity of segment is a product of an in vitro DNA amplification.

said oucleotide n+x in each of said staggered double 105. The method of claim 87, wherein said nucleic acid

stranded molecules having said single strand overhang 65 segment is a PCR product.
sequence thereby sequencing an interval within said 106. The method of claim 87, wherein said nucleic acid

double slrancled nucleic acid segment, segment is a producl of a strand displacement ainplificalion.
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107. The method of claim 87, wherein said nucleic acid

segment is a vector insert.
108. The method of claim 87, wherein said delectable

label is selected from one or more of the group consisting of
fluorescent. near infra-red. radiooucleotide and chemilumi-
nescent labels.

109. The method of claim 87, wherein said nucleic acid

segment is attached to a solid matrix.
110. The method of claim 109, wherein said solid matrix

is a magnetic streptavidin.
111. The method of claim 109, wherein said solid matrix

is a magnetic glass particle.
112. The method of claim 87, wherein said adapter of step

(d) is attached to a solid matrix.
113. The method of claim U2. wherein said solid matrix

is a magnetic streptavidin.
114. The method of claim 112. wherein said solid matrix

is a magnetic glass particle.

82
115, The method of claim 87, wherein said step (b) is

modified to. generate a blunt end in said nucleic acid seg-

menl.

116. The method of claim 115, wherein said step (c) is

modified to identity a nucleotide in said blunt end of said

nucleic acid segment by using a 3' exonuclease activity of a

DNApolymerase to generate a single nucleotide long single-

stranded nucleic acid template.

117. The method of claim 116, said method further

comprising sequencing said nucleotide by a tcmplate-

directed polymerization with a labeled micleotide or nucle-

otidc terminator.

118. The method of claim 117, wherein said lemplate-

15 directed polymerization is followed by identification of an

incorporated label.
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