COLD SPRING HARBOR SYMPOSIA
ON QUANTITATIVE BIOLOGY

VOLUME LI

Molecular Biology of Homo sapiens

COLD SPRING HARBOR LABORATORY
1986

Olink - Exhibit 2011
Alamar Biosciences, Inc. v. Olink Proteomics AB
IPR2024-01353



COLD SPRING HARBOR SYMPOSIA ON QUANTITATIVE BIOLOGY
VOLUME LI

©1986 by The Cold Spring Harbor Laboratory
International Standard Book Number 0-87969-052-6 (cloth)
International Standard Book Number 0-87969-053-4 (paper)
International Standard Serial Number 0091-745]
Library of Congress Catalog Card Number 34-8174

Printed in the United States of America
All rights reserved

COLD SPRING HARBOR SYMPOSIA ON QUANTITATIVE BIOLOGY

Founded in 1933 by
REGINALD G. HARRIS
Director of the Biological Laboratory 1924 to 1936

Previous Symposia Volumes

I (1933) Surface Phenomena

I1 (1934) Aspects of Growth

II1 (1935) Photochemical Reactions

IV (1936) Excitation Phenomena

V (1937) Internal Secretions

VI (1938) Protein Chemistry

VII (1939) Biological Oxidations

VIII (1940) Permeability and the Nature of Cell Membranes

IX (1941) Genes and Chromosomes: Structure and Organiza-
tion

X (1942) The Relation of Hormones to Development

XI (1946) Heredity and Variation in Microorganisms

XII (1947) Nucleic Acids and Nucleoproteins

XIII (1948) Biological Applications of Tracer Elements

XIV (1949) Amino Acids and Proteins

XV (1950) Origin and Evolution of Man

XVI (1951) Genes and Mutations

XVII (1952) The Neuron

XVIII (1953) Viruses

XIX (1954) The Mammalian Fetus: Physiological Aspects of
Development

XX (1955) Population Genetics: The Nature and Causes of
Genetic Variability in Population

"XXI (1956) Genetic Mechanisms: Structure and Function

XXII (1957) Population Studies: Animal Ecology and De-
mography

XXIII (1958) Exchange of Genetic Material: Mechanism and
Consequences

XXIV (1959) Genetics and Twentieth Century Darwinism

XXV (1960) Biological Clocks

XXVI (1961) Cellular Regulatory Mechanisms

XXVII (1962) Basic Mechanisms in Animal Virus Biology

XXVIII (1963) Synthesis and Structure of Macromolecules

XXIX (1964) Human Genetics

XXX (1965) Sensory Receptors

XXXI (1966) The Genetic Code

XXXII (1967) Antibodies

XXXIII (1968) Replication of DNA in Microorganisms

XXXIV (1969) The Mechanism of Protein Synthesis

XXXV (1970) Transcription of Genetic Material

XXXVI (1971) Structure and Function of Proteins at the
Three-dimensional Level

XXXVII (1972) The Mechanism of Muscle Contraction

XXXVIII (1973) Chromosome Structure and Function

XXXIX (1974) Tumor Viruses

XL (1975) The Synapse

XLI (1976) Origins of Lymphocyte Diversity

XLII (1977) Chromatin

XLIII (1978) DNA: Replication and Recombination

XLIV (1979) Viral Oncogenes

XLV (1980) Movable Genetic Elements

XLVI (1981) Organization of the Cytoplasm

XLVII (1982) Structures of DNA

XLVIII (1983) Molecular Neurobiology

XLIX (1984) Recombination at the DNA Level

L (1985) Molecular Biology of Development

Authorization to photocopy items for internal or personal use, or the internal or personal use of specific clients,
is granted by Cold Spring Harbor Laboratory for libraries and other users registered with the Copyright Clearance
Center (CCC) Transactional Reporting Service, provided that the base fee of $1.00 per article is paid directly to
CCC, 21 Congress St., Salem MA 01970. [0-87969-052-6/86 $1.00 + .00] This consent does not extend to other
kinds of copying, such as copying for general distribution, for advertising or promotional purposes, for creating
new collective works, or for resale.

All Cold Spring Harbor Laboratory publications may be ordered directly from Cold Spring Harbor Laboratory,
Box 100, Cold Spring Harbor, New York 11724. Phone: 1-800-843-4388. In New York (516)367-8423.



Contents

Part 1

Symposium Participants
Foreword

Introduction

Human Genetics: The Molecular Challenge W.F. Bodmer

Human Gene Map
Summaries and Recent Additions

The Gene Map of Homo sapiens: Status and Prospectus V. A. McKusick

Construction of Human Genetic Linkage Maps: I. Progress and Perspectives R.
White, M. Leppert, P. O’Connell, Y. Nakamura, C. Julier, S. Woodward, A.
Silva, R. Wolff, M. Lathrop, and J.-M. Lalouel

Construction of Human Genetic Linkage Maps: II. Methodological Issues J.-M. Lal-
ouel, G.M. Lathrop, and R. White

Mapping Complex Genetic Traits in Humans: New Methods Using a Complete RFLP
Linkage Map E. Lander and D. Botstein

Human Major Histocompatibility Complex Genes: Class I Antigens and Tumor Necro-
sis Factors J.L. Strominger

Polymorphism and Regulation of HLA Class II Genes of the Major Histocompatibility
Complex B. Mach, J. Gorski, P. Rollini, C. Berte, I. Almaldi, J. Berdoz, and
C. Ucla

Molecular Biology of the Class II Region of the Human Major Histocompatibility
Complex J.I. Bell, D. Denney, L. Foster, B.S.M. Lee, D. Hardy, and H.O.
McDevitt

HLA Class II RFLPs Are Haplotype-specific S.W. Serjeantson, M.R.J. Kohonen-
Corish, H. Dunckley, and M.A. Reid

Identification of DNA Repair Genes in the Human Genome J.H.J. Hoeijmakers, M.
van Duin, A. Westerveld, A. Yasui, and D. Bootsma

Seven Unidentified Reading Frames of Human Mitochondrial DNA Encode Subunits
of the Respiratory Chain NADH Dehydrogenase G. Attardi, A. Chomyn, R.F.
Doolittle, P. Mariottini, and C.I. Ragan

New Mapping Strategies

Approaches to Physical Mapping of the Human Genome C.L. Smith and C.R. Can-
tor

Molecular Approaches to the Characterization of Megabase Regions of DNA: Appli-
cations to the Human Major Histocompatibility Complex S.K. Lawrance, R.
Srivastava, B. Rigas, M.J. Chorney, G.A. Gillespie, C.L. Smith, C.R. Cantor,
F.S. Collins, and S.M. Weissman

Molecular Approaches to Mammalian Genetics A. Poustka, T. Pohl, D.P. Barlow,
G. Zehetner, A. Craig, F. Michiels, E. Ehrich, A.-M. Frischauf, and H. Lehrach

Flow Karyotyping and Sorting of Human Chromosomes J.W. Gray, J. Lucas, D.
Peters, D. Pinkel, B. Trask, G. van den Engh, and M. Van Dilla

Cytogenetic Analysis by In Situ Hybridization with Fluorescently Labeled Nucleic Acid
Probes D. Pinkel, J.W. Gray, B. Trask, G. van den Engh, J. Fuscoe, and H.

van Dekken

Xv

15

29

39

49

63

67

75

83

91

103

115

123

131

141

151

Xvii



xviii CONTENTS

Construction of Human Chromosome-specific DNA Libraries from Flow-sorted
Chromosomes L.L. Deaven, M.A. Van Dilla, M.F. Bartholdi, A.V. Carrano,
L.S. Cram, J.C. Fuscoe, J.W. Gray, C.E. Hildebrand, R.K. Moyzis, and J. Perl-
man

Flow-sorting Analysis of Normal and Abnormal Human Genomes R.V. Lebo, L.A.
Anderson, Y.-F.C. Lau, R. Flandermeyer, and Y.W. Kan

Cloning the Gene for the Inherited Disorder Chronic Granulomatous Disease on the
Basis of Its Chromosomal Location B. Royer-Pokora, L.M. Kunkel, A.P. Mon-
aco, S.C. Goff, P.E. Newburger, R.L. Baehner, F.S. Cole, J.T. Curnutte, and
S.H. Orkin

Reduced Recombination Rate on Chromosomes 21 That Have Undergone Nondis-
junction S.E. Antonarakis, A. Chakravarti, A.C. Warren, S.A. Slaugenhaupt,
C. Wong, S.L. Halloran, and C. Metaxotou

Recombination along Sex Chromosomes

Genetic Recombination and Disease M. Siniscalco

Genetic Mapping of the Human X Chromosome: Linkage Analysis of the q26-q28
Region That Includes the Fragile X Locus and Isolation of Expressed
Sequences J.L. Mandel, B. Arveiler, G. Camerino, A. Hanauer, R. Heilig, M.
Koenig, and I. Oberlé

Molecular Genetics of MIC2: A Gene Shared by the Human X and Y
Chromosomes S.M. Darling, P.J. Goodfellow, B. Pym, G.S. Banting, C. Prit-
chard, and P.N. Goodfellow

Variability at the Telomeres of the Human X/Y Pseudoautosomal Region H.J. Cooke
and B.A. Smith

The Pseudoautosomal Region of the Human Sex Chromosomes F. Rouyer, M.-C.
Simmler, G. Vergnaud, C. Johnsson, J. Levilliers, C. Petit, and J. Weissenbach

Sex Reversal: Deletion Mapping the Male-determining Function of the Human Y
Chromosome D.C. Page

A Molecular Approach to the Study of the Human Y Chromosome and Anomalies of
Sex Determination in Man E. Seboun, P. Leroy, M. Casanova, E. Magenis, C.
Boucekkine, C. Disteche, C. Bishop, and M. Fellous

Genetic and Molecular Studies on 46,XX and 45,X Males A. de la Chapelle

Genetic Diagnosis
Development of New Methodologies

Application of Synthetic DNA Probes to the Analysis of DNA Sequence Variants in
Man R.B. Wallace, L.D. Petz, and P.Y. Yam .
Specific Enzymatic Amplification of DNA In Vitro: The Polymerase Chain
Reaction K. Mullis, F. Faloona, S. Scharf, R. Saiki, G. Horn, and H. Erlich
Recent Advances in the Development of Methods for Detecting Single-base Substitu-
tions Associated with Human Genetic Diseases R.M. Myers and T. Maniatis
Searching for Gene Defects by Denaturing Gradient Gel Electrophoresis L.S. Ler-
man, K. Silverstein, and E. Grinfeld

DNA-based Detection of Chromosome Deletion and Amplification: Diagnostic and
Mechanistic Significance S.A. Latt, M. Lalande, T. Donlon, A. Wyman, E.
Rose, Y. Shiloh, B. Korf, U. Miiller, K. Sakai, N. Kanda, J. Kang, H. Stroh, P.
Harris, G. Bruns, R. Wharton, and L. Kaplan

Applications: Cystic Fibrosis, Muscular Dystrophy, Huntington’s Disease,
Hemophilia A, Down’s Syndrome, PKU, and Heart Disease

Molecular Genetics and the Basic Defect Causing Cystic Fibrosis R. Williamson, G.
Bell, J. Bell, G. Bates, K.A. Davies, X. Estivill, M. Farrall, H. Kruyer, H.Y. Law,
N. Lench, P. Scambler, P. Stanier, B. Wainwright, E. Watson, and C. Worrall

Highly Polymorphic RFLP Probes as Diagnostic Tools H. Donis-Keller, D.F. Bar-
ker, R.G. Knowiton, J.W. Schumm, J.C. Braman, and P. Green

Mapping of the Cystic Fibrosis Locus on Chromosome 7 L.-C. Tsui, S. Zengerling,
H.F. Willard, and M. Buchwald

159

169

177

185

191

195

205

213

221

229

237
249

257

263

275

285

299

309

317

325



CONTENTS

Molecular Analysis of Human X-linked Diseases K.E. Davies, S.P. Ball, H.R. Dor-
kins, S.M. Forrest, S.J. Kenwrick, A.W. King, I1.J.D. Lavenir, S.A. McGlade,
M.N. Patterson, T.J. Smith, L. Wilson, K. Paulsen, A. Speer, and C. Coutelle

Analysis of an X-autosome Translocation Responsible for X-linked Muscular
Dystrophy R.G. Worton, P.N. Ray, S. Bodrug, and M.W. Thompson

Molecular Genetics of Duchenne Muscular Dystrophy L.M. Kunkel, A.P. Monaco,
C.J. Bertelson, and C.A. Colletti

Carrier Detection and Gene Analysis of Duchenne Muscular Dystrophy P.L. Pear-
son, G.J.B. van Ommen, and E. Bakker

Molecular Genetics of Huntington’s Disease J.F. Gusella, T.C. Gilliam, R.E. Tanzi,
M.E. MacDonald, S.V. Cheng, M. Wallace, J. Haines, P.M. Conneally, and N.S.
Wexler

Cloned Factor VIII and the Molecular Genetics' of Hemophilia R.M. Lawn, W.I.
Wood, J. Gitschier, K.L. Wion, D. Eaton, G.A. Vehar, and E.G.D. Tuddenham

Comparison of Deficiency Alleles of the 8-Globin and Factor VIII:C Genes: New Les-
sons from a Giant Gene H.H. Kazazian, Jr., S.E. Antonarakis, H. Youssoufian,
C.E. Dowling, D.G. Phillips, C. Wong, and C.D. Boehm

Molecular Genetics of Down’s Syndrome: Overexpression of Transfected Human Cu/
Zn-Superoxide Dismutase Gene and the Consequent Physiological Changes Y.
Groner, O. Elroy-Stein, Y. Bernstein, N. Dafni, D. Levanon, E. Danciger, and
A. Neer

Molecular Basis of Phenylketonuria and Potential Somatic Gene Therapy S.L.C.
Woo, A.G. DilLella, J. Marvit, and F.D. Ledley

Molecular Genetics of Apolipoproteins and Coronary Heart Disease S. Deeb, A. Fai-
lor, B.G. Brown, J.D. Brunzell, J.J. Albers, and A.G. Motulsky

Huoman Evoluation

DNA Markers and Genetic Variation in the Human Species L.L. Cavalli-Sforza, J.R.
Kidd, K.K. Kidd, C. Bucci, A.M. Bowcock, B.S. Hewlett, and J.S. Friedlaender

Fossil Bvidence on Human Origins and Dispersal P. Andrews

Hominoid Evolution Based on the Structures of Immunoglobulin Epsilon and Alpha
Genes S. Ueda, Y. Watanabe, H. Hayashida, T. Miyata, F. Matsuda, and T.
Honjo

Rate of Sequence Divergence Estimated from Restriction Maps of Mitochondrial DNAs
from Papua New Guinea M. Stoneking, K. Bhatia, and A.C. Wilson

Molecular Genetic Investigations of Ancient Human Remains S. Paabo

Relationships of Human Protein Sequences to Those of Other Organisms R.F. Doo-
little, D.F. Feng, M.S. Johnson, and M.A. McClure

The Abundant LINE-1 Family of Repeated DNA Sequences in Mammals: Genes and
Pseudogenes J. Skowronski and M.F. Singer

The LINE-1 Family of Primates May Encode a Reverse Transcriptase-like Protein Y.
Sakaki, M. Hattori, A. Fujita, K. Yoshioka, S. Kuhara, and O. Takenaka

Repetitive Human DNA Sequences
I. Bvolution of the Primate «-Globin Gene Cluster and Interspersed Alu
Repeats 1. Sawada and C.W. Schmid
I1. Properties of a Transposon-like Human Element N. Deka, K.E. Paulson, C.
Willard, and C.W. Schmid

The Human Genome and Its Evolutionary Context G. Bernardi and G. Bernardi

The Population Genetics of a-Thalassemia and the Malaria Hypothesis A.V.S. Hill

The Primate «-Globin Gene Family: A Paradigm of the Fluid Genome J. Marks,
J.-P. Shaw, C. Perez-Stable, W.-S. Hu, T.M. Ayres, C. Shen, and C.-K.J. Shen

Drugs Made Off Human Genes
Clotting, Anti-clotting Factors

Structural Features of the Proteins Participating in Blood Coagulation and
Fibrinolysis E.W. Davie, A. Ichinose, and S.P. Leytus

337

345

349

353

359

365

371

381

395

403

411

419

429

433
441

447

457

465

471
473
479
489

499

509



XX CONTENTS

Cloning of cDNA and Genomic DNA for Human von Willebrand Factor J.E. Sadler,
B.B. Shelton-Inloes, J.M. Sorace, and K. Titani

Structure and Evolution of the Human Genes EBncoding Protein C and Coagulation
Factors VII, IX, and X G.L. Long

Isolation and Expression of cDNAs Encoding Human Factor VII K. Berkner, S.
Busby, E. Davie, C. Hart, M. Insley, W. Kisiel, A, Kumar, M. Murray, P. O’Hara,
R. Woodbury, and F. Hagen

Exploration of Structure-Function Relationships in Human Factor VIII by Site-di-
rected Mutagenesis J.J. Toole, D. Pittman, P. Murtha, L.C. Wasley, J. Wang,
G. Amphlett, R. Hewick, W.B. Foster, R. Kamen, and R.J. Kaufman

Characterization Studies of Human Tissue-type Plasminogen Activator Produced by
Recombinant DNA Technology G.A. Vehar, M.W. Spellman, B.A. Keyt, C.F.
Ferguson, R.G. Keck, R.C. Chloupek, R. Harris, W.F. Bennett, S.E. Builder,
and W.S. Hancock

Biochemical and Biological Properties of Single-chain Urokinase-type Plasminogen
Activator D.C. Stump, H.R. Lijnen, and D. Collen

Anti-cancer Agents

Interferon Production from Human Cell Cultures N.B. Finter, G.D. Ball, K.H.
Fantes, M.D. Johnston, and W.G. Lewis

Interleukin-2 and Its Receptor: Structure and Functional Expression of the Genes 7.
Taniguchi, T. Fujita, M. Hatakeyama, H. Mori, H. Matsui, T. Sato, J. Hamuro,
S. Minamoto, G. Yamada, and H. Shibuya

Lymphokines and Monokines in Anti-cancer Therapy W. Fiers, P. Brouckaert, R.
Devos, L. Fransen, G. Leroux-Roels, E. Remaut, P. Suffys, J. Tavernier, J. Van
der Heyden, and F. Van Roy

Tumor Necrosis Factors: Gene Structure and Biological Activities D. V. Goeddel, B.B.
Aggarwal, P.W. Gray, D.W. Leung, G.E. Nedwin, M.A. Palladino, J.S. Patton,
D. Pennica, H.M. Shepard, B.J. Sugarman, and G.H.W. Wong

Tandem Arrangement of Genes Coding for Tumor Necrosis Factor (TNF-«) and Lym-
photoxin (TNF-B) in the Human Genome S.A. Nedospasov, A.N. Shakhov, R.L.
Turetskaya, V.A. Mett, M.M. Azizov, G.P. Georgiev, V.G. Korobko, V.N. Dob-
rynin, S.A. Filippov, N.S. Bystrov, E.F. Boldyreva, S.A. Chuvpilo, A.M. Chu-
makov, L.N. Shingarova, and Y.A. Ovchinnikov

Cachectin: The Dark Side of Tumor Necrosis Factor A. Cerami and B. Beutler

Molecular Biology of Interleukin-1 P.T. Lomedico, P.L. Kilian, U. Gubler, A.S.
Stern, and R. Chizzonite

Development of Mullerian Inhibiting Substance as an Anti-cancer Drug R.L. Cate,
E.G. Ninfa, D.J. Pratt, D.T. MacLaughlin, and P.K. Donahoe

Growth Factors

Endogenous and Heterologous Expression of Transforming Growth Factor-« in Mam-
malian cells R. Derynck, A. Rosenthal, P.B. Lindquist, T.S. Bringman, and
D.V. Goeddel

Human Basic Fibroblast Growth Factor: Nucleotide Sequence, Genomic Organization,
and Expression in Mammalian Cells J.A. Abraham, J.L. Whang, A. Tumolo,
A. Mergia, and J.C. Fiddes

Human Growth Hormone: From Clone to Clinic P.H. Seeburg

Molecular and Biological Properties of Human Macrophage Growth Factor, CSF-1 P.
Ralph, M.K. Warren, M.B. Ladner, E.S. Kawasaki, A. Boosman, and T.J. White

Effects of N-linked Carbohydrate on the In Vivo Properties of Human GM-CSF R.E.
Donahue, E.A. Wang, R.J. Kaufman, L. Foutch, A.C. Leary, J.S. Witek-Gian-
netti, M. Metzger, R.M. Hewick, D.R. Steinbrink, G. Shaw, R. Kamen, and S.C.
Clark

Erythropoietin: Gene Cloning, Protein Structure, and Biological Properties J.KX.
Browne, A.M. Cohen, J.C. Egrie, P.H. Lai, F.-K. Lin, T. Strickland, E. Watson,
and N. Stebbing

515

525

531

543

551

563

571

5717

587

597

611
625

631

641

649

657

669

679

685

693



Specific Enzymatic Amplification of DNA In Vitro:

The Polymerase Chain Reaction

K. MuLLIs, F. FALOONA, S. SCHARF, R. SA1kI, G. HORN, AND H. ERLICH
Cetus Corporation, Department of Human Genetics, Emeryville, California 94608

The discovery of specific restriction endonucleases
(Smith and Wilcox 1970) made possible the isolation of
discrete molecular fragments of naturally occurring
DNA for the first time. This capability was crucial to
the development of molecular cloning (Cohen et al.
1973); and the combination of molecular cloning and
endonuclease restriction allowed the synthesis and iso-
lation of any naturally occurring DNA sequence that
could be cloned into a useful vector and, on the basis
of flanking restriction sites, excised from it. The avail-
ability of a large variety of restriction enzymes (Rob-
erts 1985) has significantly extended the utility of these
methods.

The de novo organic synthesis of oligonucleotides
and the development of methods for their assembly
into long double-stranded DNA molecules (Davies and
Gassen 1983) have removed, at least theoretically, the
minor limitations imposed by the availability of natu-
ral sequences with fortuitously unique flanking restric-
tion sites. However, de novo synthesis, even with auto-
mated equipment, is not easy; it is often fraught with
peril due to the inevitable indelicacy of chemical re-
agents (Urdea et al. 1985; Watt et al. 1985; Mullenbach
et al. 1986), and it is not capable of producing, inten-
tionally, a sequence that is not yet fully known.

We have been exploring an alternative method for
the synthesis of specific DNA sequences (Fig. 1). It in-
volves the reciprocal interaction of two oligonucleo-
tides and the DNA polymerase extension products
whose synthesis they prime, when they are hybridized
to different strands of a DNA template in a relative
orientation such that their extension products overlap.
The method consists of repetitive cycles of denatura-
tion, hybridization, and polymerase extension and
seems not a little boring until the realization occurs that
this procedure is catalyzing a doubling with each cycle
in the amount of the fragment defined by the positions
of the 5’ ends of the two primers on the template DNA,
that this fragment is therefore increasing in concentra-
tion exponentially, and that the process can be contin-
ued for many cycles and is inherently very specific.

The original template DNA molecule could have
been a relatively small amount of the sequence to be
synthesized (in a pure form and as a discrete molecule)
or it could have been the same sequence embedded in
a much larger molecule in a complex mixture as in the
case of a fragment of a single-copy gene in whole hu-
man DNA. It could also have been a single-stranded

DNA molecule or, with a minor modification in the
technique, it could have been an RNA molecule. In any
case, the product of the reaction will be a discrete dou-
ble-stranded DNA molecule with termini correspond-
ing to the 5’ ends of the oligonucleotides employed.

We have called this process polymerase chain reac-
tion or (inevitably) PCR. Several embodiments have
been devised that enable one not only to extract a spe-
cific sequence from a complex template and amplify
it, but also to increase the inherent specificity of this
process by using nested primer sets, or to append se-
quence information to one or both ends of the se-
quence as it is being amplified, or to construct a se-
quence entirely from synthetic fragments.

MATERIALS AND METHODS

PCR amplification from genomic DNA. Human
DNA (1 pg) was dissolved in 100 pl of a polymerase
buffer containing 50 mm NaCl, 10 mm Tris-Cl (pH 7.6),
and 10 mm MgCl,. The reaction mixture was adjusted
to 1.5 mM in each of the four deoxynucleoside triphos-
phates and 1 uM in each of two oligonucleotide primers.
A single cycle of the polymerase chain reaction was
performed by heating the reaction to 95°C for 2 min-
utes, cooling to 30°C for 2 minutes, and adding 1 unit
of the Klenow fragment of Escherichia coli DNA poly-
merase I in 2 pl of the buffer described above contain-
ing about 0.1 gl of glycerol (Klenow was obtained from
U.S. Biochemicals in a 50% glycerol solution contain-
ing 5 U/pl). The extension reaction was allowed to pro-
ceed for 2 minutes at 30°C. The cycle was terminated
and a new cycle was initiated by returning the reaction
to 95°C for 2 minutes. In the amplifications of human
DNA reported here, the number of cycles performed
ranged from 20 to 27.

Genotype analysis of PCR-amplified genomic DNA
using ASO probes. DNA (1 pg) from various cell lines
was subjected to 25 cycles of PCR amplification. Ali-
quots representing one thirtieth of the amplification
mixture (33 ng of initial DNA) were made 04 N in
NaOH, 25 mM in EDTA in a volume of 200 ul and
applied to a Genatran-45 nylon filter with a Bio-Dot
spotting apparatus. Three replicate filters were pre-
pared. ASO probes (Table 1) were 5'-phosphorylated
with [\-2P]ATP and polynucleotide kinase and puri-
fied by spin dialysis. The specific activities of the
probes were between 3.5 and 4.5 uCi/pmole. Each filter
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was prehybridized individually in 8 ml of 5x SSPE,
5x DET, and 0.5% SDS for 30 minutes at 55°C. The
probe (1 pmole) was then added, and hybridization was
continued at 55°C for 1 hour. The filters were rinsed
twice in 2x SSPE and 0.1% SDS at room temperature,
followed by a high stringency wash in 5x SSPE and
0.1% SDS for 10 minutes at 55°C (for 19C) or 60°C
(for 19A and 19S) and autoradiographed for 2.5 hours
at —80°C with a single intensification screen.

Cloning from PCR-amplified genomic DNA using
linker primers. An entire PCR reaction was digested
at 37°C with PstI (20 units) and HindIII (20 units) for
90 minutes (for 8-globin) or BarmHI (24 units) and Pst1
(20 units) for 60 minutes (for HLA-DQa). After phenol
extraction, the DNA was dialyzed to remove low-mo-
lecular-weight inhibitors of ligation (presumably the
dNTPs used in PCR) and concentrated by ethanol pre-
cipitation. All (8-globin) or one tenth (DQa) of the
material was ligated to 0.5 pug of the cut M13 vector
under standard conditions and transformed into ap-
proximately 6 X 10° freshly prepared competent JM103
cells in a total volume of 200 ul. These cells (10-30 pl)
were mixed with 150 ul of JM103 culture, plated on
IPTG/X-Gal agar plates, and incubated overnight. The
plates were scored for blue (parental) plaques and lifted
onto BioDyne A filters. These filters were hybridized
either with one of the labeled PCR oligonucleotide
primers to visualize all of the clones containing PCR-
amplified DNA (primer plaques) or with a B-globin
oligonucleotide probe (RS06) or an HLA-DQa ¢cDNA
probe to visualize specifically the clones containing
target sequences. Ten B-globin clones from this latter
category were sequenced by using the dideoxy exten-
sion method. Nine were identical to the expected -
globin target sequence, and one was identical to the
homologous region of the human é-globin gene.

PCR construction of a 374-bp DNA fragment from
synthetic oligodeoxyribonucleotides. 100 pmoles of
TN10, d(CCTCGTCTACTCCCAGGTCCTCTTCAA-
GGGCCAAGGCTGCCCCGACTATGTGCTCCTCAC-
CCACACCGTCAGCC), and TN11, d(GGCAGGGGC-
TCTTGACGGCAGAGAGGAGGTTGACCTTCTCCT-
GGTAGGAGATGGCGAAGCGGCTGACGGTGTGG),
designed so as to overlap by 14 complementary bases
on their 3’ ends, were dissolved in 100 pl of buffer
containing 30 mMm Tris-acetate (pH 7.9), 60 mM so-
dium acetate, 10 mM magnesium acetate, 2.5 mm di-
thiothreitol, and 2 mm each dNTP. The solution was
heated to 100°C for 1 minute and cooled in air at
about 23°C for 1 minute; 1 ul containing 5 units
Klenow fragment of E. coli DNA polymerase I was
added, and the polymerization reaction was allowed
to proceed for 2 minutes. Gel electrophoresis on
4% NuSieve agarose in the presence of 0.5 pg/ml
ethidium bromide indicated that eight repetitions of
this procedure were required before the mutual ex-
tension of the two primers on each other was com-

plete (Fig. 5, lane I). A 2-ul aliquot of this reaction
without purification was added to 100 nl of a second-
stage reaction mixture identical to the one above ex-
cept that 300 pmoles each of oligonucleotides LL09,
d(CCTGGCCAATGGCATGGATCTGAAAGATAACC-
AGCTGGTGGTGCCAGCAGATGGCCTGTACCTCG-
TCTACTCCC), and LL12, d(CTCCCTGATAGATGG-
GCTCATACCAGGGCTTGAGCTCAGCCCCCTCTG-
GGGTGTCCTTCGGGCAGGGGCTCTTG), were sub-
stituted for TN10 and TN11. LL09 and LLI12 were de-
signed so that their 3’ ends would overlap with 14 com-
plementary bases on the 3’ ends of the single-stranded
fragments released when the 135-bp product of the pre-
vious reaction was denatured (see Fig. 4, no. 2). The
cycle of heating, cooling, and adding Klenow fragment
was repeated 15 times in order to produce the 254-bp
fragment in lane II of Figure 5; 2 ul of this reaction
mixture without purification was diluted into a third-
stage reaction mixture as above but containing 300
pmoles of TN09, d(TGTAGCAAACCATCAAGTT-
GAGGAGCAGCTCGAGTGGCTGAGCCAGCGGGC-
CAATGCCCTCCTGGCCAATGGCA), and TNIi3,
d(GATACTTGGGCAGATTGACCTCAGCGCTGAGT-
TGGTCACCCTTCTCCAGCTGGAAGACCCCTCCC-
TGATAGATG). After 15 cycles of PCR, the 374-bp
product in lane III of Figure 5 was evident on gel elec-
trophoresis. After gel purification, restriction analysis
of the 374-bp fragment with several enzymes resulted
in the expected fragments (data not shown).

PCR amplification with oligonucleotide linker
primers. DNA was amplified by mixing 1 pg of ge-
nomic DNA in the buffer described above with 100
pmoles of each primer. Samples were subjected to 20
cycles of PCR, each consisting of 2 minutes of dena-
turation at 95°C, 2 minutes of cooling to 37°C, and 2
minutes of polymerization with 1 unit of Klenow DNA
polymerase. After amplification, the DNA was con-
centrated by enthanol precipitation, and half of the to-
tal reaction was electrophoresed on a gel of 4% Nu-
Sieve agarose in TBE buffer. The ethidium-bromide-
stained gel was photographed (see Fig. 6A), and the
DNA was transferred to Genatran nylon membrane and
hybridized to a labeled probe (RSO6) specific for the
target sequence (Fig. 6B). The blot was then washed
and autoradiographed. For the amplification of 8-glo-
bin, the starting DNA was either from the Molt-4 cell
line or from the globin deletion mutant GM2064 For
lane 5, the starting material was 11 pg of the 8-globin
recombinant plasmid pBR328:: 84, the molar equiva-
lent of 5 ug of genomic DNA. For lane 6, the reaction
was performed as in lane 1 except that no enzyme was
added. To increase the efficiency of amplification of
the longer HLA-DQa segment, DMSO was added to
10% (v/v), and the polymerization was carried out at
37°C for 27 cycles. The starting DNA for the amplifi-
cation of DQa was either from the consanguineous
HLA typing cell line LG-2 or from the HLA class II
deletion mutant LCL721.180.
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DISCUSSION
Extraction and Amplification

Figuro 1 doscribes the basic PCR process that results
in tho extraction and amplification of a nucleic acid
sequeonce. “Extraction” is used here in tho sense that
tho sequence, although contained within a larger mol-
ccule that may in fact be a heterogencous population
of larger molecules, as in the case of a chromosomal
DNA proparation, will be amplified as a single discrete
molocular entity, and thus extracted from its source.
This foature of the chain reaction can be, in some cascs,
as important as the amplification itself. The source
DNA is denatured and allowed to hybridize to an cx-
cess of primers that correspond to the extremities of
tho fragment to be amplified (Fig. 1A). The oligonu-
cleotide primers are employed in micromolar concen-
trations, and thus the hybridization is rapid and com-
pleto but not particularly stringent. A DNA polymerase
is added to the reaction, which already contains the
four deoxynucleoside triphosphates, and the primers
are extended (Fig. 1B,C). After a short time, the reac-
tion is stopped, and the DNA is denatured again by
heating. On cooling, the excess of primers again hy-
bridizes rapidly, and this time there are twice as many
sites for hybridization on sequences representing the
target. Sequences not representing the target, which
may have been copied in the first polymerization reac-
tion by virtue of an adventitious interaction with one
of the primers, will only very rarely have generated an
additional site for either of the primers. The unique
property of the targeted sequence for regenerating new
primer sites with each cycle is intrinsic to the support
of a chain reaction, and the improbability of its hap-
pening by chance accounts for the observed specificity
of the overall amplification.

In Figure 1D, the discrete nature of the final product
becomes evident. Whereas initial extension of the
primers on templates with indefinite termini results in
products with definite 5’ ends but indefinite 3' ends
(Fig. 1C), their extension on a template that is itself an
extension product from a previous cycle results in a
DNA strand that has both ends defined (Fig. 1D). It is
the number of these DNA fragments, with both ends
defined by primers, that increases exponentially during
subsequent cycles. All other products of the reaction
increase in a linear fashion. Thus, the reaction effec-
tively amplifies only that DNA sequence that has been
targeted by the primers.

Nested Primer Sets

Despite its intrinsic specificity, the amplification of
fragments of single-copy genes from whole human
DNA sometimes produces a molecule exclusively rep-
resentative of the intended target, and sometimes it
does not. Given the complexity of the human genome
and the tendency for many genes to have some se-
quences in common with other related genes, this lack

of complete specificity is not surprising. In many ap-
plications, extreme specificity is not required of the
amplification process because a sccond level of specl-
ficlty is invoked by the process of detecting the ampli-
fied products, c.g., the usc of a labeled hybridization
probe to detect a PCR-amplified fragment in a South-
crn blot. However, in other applications, such as at-
tempting to visualize an amplificd fragment of the -
globin gene by the ethidium bromidc staining of an
agarosc gel, further specificity than that obtained by a
simple amplification protocol was required. We
achieved this by doing the amplification in two stages
(Fig. 2). The first stage amplificd a 110-bp fragment;
the second stage employed two oligomers that primed
within the sequence of this fragment to produce a
subfragment of 58 bp (Table 1). By thus employing the
specificity inherent in the requirement of four indepen-
dent but coordinated priming events, we were able to
amplify exclusively a fragment of the human B-globin
gene approximately 2,000,000-fold (Mullis and Fa-
loona 1986).

Addition and Amplification

Figure 3 depicts a PCR in which one of the oligonu-
cleotides employed, primer B, has a 5’ sequence that is
not homologous to the target sequence. During cycle 1
of the amplification, priming occurs on the basis of the
homologous 3’ end of the oligomer, but the nonhomo-
logous bases become a part of the extension product.
In later cycles, when this extension product is copied
by virtue of the fact that it contains a site for primer
A, the entire complement to primer B is incorporated
in this copy; thereafter, no further primer-template in-
teractions involving nonhomologous bases are re-
quired, and the product that increases exponentially in
the amplification contains sequence information on
one end that was not present in the original target.

A similar situation results if both primers carry an
additional 5' sequence into the reaction, except that
now both ends of the product will have been appended
in the course of amplification. We have employed this
embodiment of the PCR to insert restriction site link-
ers onto amplified fragments of human genomic se-
quences to facilitate their cloning; it also underlies the
strategy described below for construction of DNA from
oligonucleotides alone.

If one or both primers are designed so as to include
an internal mismatch with the target sequence, specific
in vitro mutations can be accomplished. As in the case
above, the amplified product will contain the sequence
of the primers rather than that of the target.

Construction and Amplification

The process whereby extrinsic sequences are ap-
pended to a fragment during the PCR amplification
can be utilized in the stepwise construction of a totally
synthetic sequence from oligonucleotides. The advan-
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Figure 2. A PCR amplification employing oligonucleotides A and B results after a number of cycles in the fragment depicted
as AE:BE. A subfragment, CE:DE, of this product can be extracted and further amplified by use of oligonucleotides C and D.
This overall process requires four independent and coordinated primer-template interactions and is thereby potentially more

specific than a single-stage PCR amplification.

tages of this approach (Figs. 4 and 5) over methods
currently in use are that the PCR method does not re-
quire phosphorylation or ligation of the oligonucleo-
tides. Like the method employed by Rossi et al. (1982),
which involves the mutual extension of pairs of oligo-
nucleotides on each other by polymerase (Fig. 4, no. 1),
the PCR method does not require organic synthesis of
both strands of the final product. Unlike this method,

however, the PCR method is completely general in that

no particular restriction enzyme recognition sequences
need be built into the product for purposes of accom-

plishing the synthesis. Furthermore, the PCR method

offers the convenience of enabling the final product,

or any of the several intermediates, to be amplified

during the synthesis or afterwards to produce whatever

amounts of these molecules are required.

Table 1. Oligodeoxyribonucleotides

Sequence Use
PC03 ACACAACTGTGTTCACTAGC produce a 110-bp fragment
PC04 CAACTTCATCCACGTTCACC from B-globin 1st exon
PC07 CAGACACCATGGTGCACCTGACTCCTG produce a 58-bp subfragment
PC08 CCCCACAGGGCAGTAACGGCAGACTTCTCC of the 110-bp fragment above
GH18 CTTCTGCAGCAACTGTGTTCACTAGC as PC03 and PC04, but with PstI
GH19 CACAAGCTTCATCCACGTTCACC and HindIII linkers added
GH26 GTGCTGCAGGTGTAAACTTGTACCAG 242-bp from HLA-DQ«
GH27 CACGGATCCGGTAGCAGCGGTAGAGTTG with PstI and BamHI linkers
RS06 CTGACTCCTGAGGAGAAGTCTGCCGTT probe to central region of

ACTGCCCTGTGGG

19A CTCCTGAGGAGAAGTCTGC
19S CTCCTGTGGAGAAGTCTGC
19C CTCCTAAGGAGAAGTCTGC

110-bp fragment produced by
PCO03 and PC04

ASO probe to fA-globin
ASO probe to 85-globin
ASO probe to 5°-globin
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Figure 3. Addition of the nonhomologous sequence on the 5' end of oligonucleotide A results, after the first PCR cycle, in the
incorporation of this nonhomologous sequence into extension product AE, which, in a later cycle as template for B, directs the
synthesis of BE2 that together with AE2 comprises the double-stranded DNA fragment AE2:BE2. This fragment will accumu-

late exponentially with further cycles.

Genetic Analysis

In addition to its use as an in vitro method for en-
zymatically synthesizing a specific DNA fragment, the
PCR, followed by hybridization with specific probes,
can serve as a powerful tool in the analysis of genomic
sequence variation. Understanding the molecular basis
of genetic disease or of complex genetic polymorph-
isms such as those in the HLA region requires detailed
nucleotide sequence information from a variety of in-
dividuals to localize relevant variations. Currently, the
analysis of each allelic variant requires a substantial
effort in library construction, screening, mapping,
subcloning, and sequencing. Here, using PCR primers
modified near their 5’ ends to produce restriction sites,
we describe a method for amplification of specific seg-
ments of genomic DNA and their direct cloning into
M 13 vectors for sequence analysis. Moreover, the clon-
ing and sequencing of PCR-amplified DNA represents
a powerful analytical tool for the study of the specific-
ity and fidelity of this newly developed technique, as
well as a rapid method of genomic sequencing. In ad-
dition, allelic variation has been analyzed using PCR
amplification prior to hybridization with allele-spe-
cific oligonucleotide probes in a dot-blot format. This
is a simple, general, and rapid method for genetic anal-

ysis and recently has been demonstrated in crude cell
lysates, eliminating the need for DNA purification.

PCR Cloning and Direct Sequence Analysis

To develop a rapid method for genomic sequence de-
termination and to analyze the individual products of
PCR amplification, we chose the oligonucleotide
primers and probes previously described for the diag-
nosis of sickle cell anemia (Saiki et al. 1985). These
primers amplify a 110-bp segment of the human -
hemoglobin gene containing the Hb-S mutation and
were modified near their 5’ ends (as described above in
Fig. 3) to produce convenient restriction sites (linkers)
for cloning directly into the M13mp10 sequencing vec-
tor. These modifications did not affect the efficiency
of PCR amplification of the specific 8-globin segment.
After amplification, the PCR products were cleaved
with the appropriate restriction enzymes, ligated into
the M13 vector, and transformed into the JM103 host,
and the resulting plaques were screened by hybridiza-
tion with a labeled oligonucleotide probe to detect the
B-globin clones. The plaques were also screened with
the labeled PCR oligonucleotide primers to identify all
of the clones containing amplified DNA (Table 2). In-
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Figure 4. PCR construction and amplification. Oligonucleotides with complementary overlapping 3’ ends are extended on each
other using DNA polymerase. The double-stranded DNA product of this reaction is extended on both ends by a second stage of

several PCR cycles depicted by reactions 2, 3, and 4.

dividual clones were then sequenced directly by using
the dideoxy primer-extension method.

Over 80% of the clones contained DNA inserts with
the PCR primer sequences, but only about 1% of the
clones hybridized to the internal 8-globin probe. These
nonglobin fragments presumably represent amplifica-
tions of other segments of the genome. This observa-
tion is consistent with the gel and Southern blot anal-
ysis of the PCR-amplified DNA from a B-globin
deletion mutant and a normal cell line (Fig. 6). The
similarity of the observed gel profiles reveals that most
of the amplified genomic DNA fragments arise from
nonglobin templates. Sequence analysis of two of these
nontarget clones showed that the segments between the
PCR primer sequences were unrelated to the 8-globin
gene and contained an abundance of dinucleotide re-
peats, similar to some genomic intergenic spacer se-
quences.

When ten of the clones that hybridized to the g-glo-
bin probe were sequenced, nine proved to be identical
to the B-globin gene and one contained five nucleotide
differences but was identical to the §-globin gene. Each
B-globin PCR primer has two mismatches with the é-
globin sequence. Each of these ten sequenced clones
contains a segment of 70 bp originally synthesized from
the genomic DNA template during the PCR amplifi-
cation process. Since no sequence alterations were seen
in these clones, the frequency of nucleotide misincor-

poration during 20 cycles of PCR amplification is less
than 1 in 700.

To analyze the molecular basis of genetic poly-
morphism and disease susceptibility in the HLA class
II loci, this approach has been extended to the ampli-
fication and cloning of a 242-bp fragment from the
second exon, which exhibits localized allelic variabil-
ity, of the HLA-DQa locus. In this case, the primer
sequences (based on conserved regions of this exon)
contain 5'-terminal restriction sites that have no ho-
mology with the DQa sequence. The specificity of am-
plification achieved by using these primers is greater
than that achieved with the 8-globin primers, since gel
electrophoresis of the PCR products reveals a discrete
band at 240 bp, which is absent from an HLA deletion
mutant (Fig. 6). In addition, hybridization screening of
the M13 clones from this amplification indicates that
about 20% are homologous to the DQa cDNA probe
(data not shown), an increase of 20-fold over the -
globin amplification. At this time, the basis for the dif-
ference in the specificity of amplification, defined here
as the ratio of target to nontarget clones, is not clear,
but may reflect the primer sequences and their ge-
nomic distribution. As described above, in some cases,
the specificity of the PCR amplification can be signif-
icantly enhanced by using nested sets of PCR primers
(Fig. 2).

Three HLA-DQa PCR clones derived from the
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Figure 5. PCR construotion of a 374-bp DNA (ragment from
gynthoto oligodeoxynuoleotidos. (Lano I) 134-bp mutual ex-
tonston produot of TN10 and TN11; (lano II) 254-bp fragment
produced by polymoraao ohaln reaction of LL09 and LLI2
with produot In lano I; (lano III) 374-bp (ragmont produced
by polymeraso chaln roacton of TNO8 and TNIJ with prod-
wot in lano II; oxtromo right-hand lano is molocular-weight
markers,

homozygous typing coll LO2 woro subjocted to so-
quonce analysis. T\vo clonos woro identical to an HLA-
DQa ¢DNA oclone from tho samo coll lino. One differed
by a single nucleotide, indicating an orror rato of ap-

A,

Table 3, Oloning A-Globin §squences from
PCR-amplificd-DNA

Catogory Number Froquaoney (%)
Total plaquos 1496 100
White plaqoes 1338 89
Primor plaquaes 1206 Bl
Qlobin plaquaa 15 |

proximately 17600, assuming tho substitution oagcurrad
during the 27 ayoles of amplification. Wa are also our-
rently using this procodure Lo analyze 50quonacs from
polymorphio regions of tho HLA-DQa and DRA loai.
These preliminary studios suggost that the orror rato
over many ayoles of amplification appears to bo suffi-
olently low so that rellable gonomic sequences oan bo
dotormined direatly from PCR amplification and clon-
ing. This approach greatly reduces tho aumbor of
cloned DNA fragments to be soreened, ciroumvents tho
noed for full gonomic libraries, and allows cloning from
nanogram quantitios of genomio DNA.

Analysis of PCR-amplified DNA with Allele-spacific
Oligonucleotide Probes

Allelic sequonce variation has been analyzed by oli-
gonuoclootide hybridization probes capable of detecting
single-base substitutions in human genomic DNA that
has boen digested by rostriotion enzymes and resolved
by gel clectrophoroesis (Conner et al. 1983). The basis
of this specificity is that, under appropriatc hybridi-
zation conditions, an allele-specific oligonucleotido
(ASO) will anncal only to those sequences to which it
{s porfectly matched, a single-basc-pair mismatch being

_ B, [ple [

QLOBIN

Flguro 6, PCR amplification with oligonucleotide linker primers. (4) Ethidium-bromide-stainad gel showing total amplified
produots, (/) Primors PC03 and PC04 on Molt-4 DNA; (2) PC03 and PC04 on GM2064 DNA; (3) GHI18 and GH19 on Molt-4;
(4) QH18 and QH19 on GM2064; (5) GH18 and QM 19 on pBR328::6* DNA; (6) PC03 and PC04 on Molt-4, no onzymo; (7)
primors Q126 and GH27 on LA-2 DNA; (8) OH26 and GH27 on LCL721.180 DNA, (B) Southern blots showing spacific
amplified produots. Lanes aro numbered as in A, Lanos / through 6 wore hybridized (o the labelod RS06 oligonucleotide probe
Lanos 7 and & wero hybridized (0 a clonod DBa 0DNA probo laboled by niok translation, '
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sufficiently destabilizing to prevent hybridization. To
improve the sensitivity, specificity, and simplicity of this
approach, we have used the PCR procedure to amplify
enzymatically a specific 8-globin sequence in human
genomic DNA prior to hybridization with ASOs. The
PCR amplification, which produces a greater than 105-
fold increase in the amount of target sequence, permits
the analysis of allelic variation with as little as 1 ng of
genomic DNA and the use of a simple “dot-blot” for
probe hybridization. As a further simplification, PCR
amplification has been performed directly on crude cell
lysates, eliminating the need for DNA purification.

To develop a simple and sensitive method, we have
chosen the sickle cell anemia and hemoglobin C muta-
tions in the sixth codon of the B-globin gene as a model
system for genetic diagnosis. We have used ASOs spe-
cific for the normal (8%), sickle cell (35), and hemoglo-
bin C (5€) sequences as probes to detect these alleles in
PCR-amplified genomic samples. The sequences of the
19-base ASO probes used here are identical to those
described previously (Studenski et al. 1985).

DNA was extracted from six blood samples from in-
dividuals whose 8-globin genotypes comprise each pos-
sible diploid combination of the 84, 83, and B¢ alleles
and from the cell line GM2064, which has a homozy-
gous deletion of the B-globin gene. Aliquots (1 ug) of
each sample were subjected to 25 cycles of PCR ampli-
fication, and one thirtieth of the reaction product (33
ng) was applied to a nylon filter as a dot-blot. Three
replicate filters were prepared and each was hybridized
with one of the three 3?P-labeled ASOs under stringent
conditions. The resulting autoradiogram (Fig. 7) clearly
indicates that each ASO annealed only to those DNA
samples containing at least one copy of the S-globin
allele to which the probe was perfectly matched and
not at all to the GM2064 deletion mutant. The fre-
quency of the specific §-globin target to PCR-ampli-
fied DNA has been estimated by the analysis of cloned
amplification products to be approximately 1% (Table
2), an enrichment of greater than 10° over unamplified
genomic DNA. It is this substantial reduction of com-
plexity that allows the application of 19-base probes in
a dot-blot format and the use of shorter oligonucleo-
tide probes, capable of allelic discrimination using less
stringent conditions. In addition, this approach has
been applied to the analysis of genetic polymorphism
in the HLA-DQa« locus by using four different ASO
probes and is being extended to the HLA-DQg and
DR loci.

PCR amplification has been used to detect 8-globin
genotypes in as little as 0.5 ng of genomic DNA and,
recently, in the crude lysate of 75 cells. This ability to
rapidly analyze genetic variation of minute amounts of
purified DNA or in cell lysates has important implica-
tions for a wide variety of clinical genetic analyses.
With the use of nonisotopic probes and PCR automa-
tion, this procedure combining in vitro target amplifi-
cation and ASO probes in a dot-blot format promises
to be a general and simple method for the detection of
allelic variation.

O O X
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Figure 7. Genotype analysis of PCR-amplified genomic DNA
using ASO probes. DNA extracted from the blood of individ-
uals of known $-globin genotype and from the §-globin dele-
tion mutant cell line GM2064 were subjected to PCR ampli-
fication. Aliquots of PCR reactions equivalent to 33 ng
starting DNA were applied to replicate filters in a dot-blot
format and probed with allele-specific oligonucleotides. (AA)
BABA; (AS) BABS; (SS) BSBS; (SC) B3BC; (CC) BBC; (AC) BABS;
(XX) GM2064.
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