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ABSTRACT The polymerase chain reaction is a recently
described technique that uses flanking oligonucleotide primers
and repeated cycles of enzymatic primer extension to amplify
a short segment ofDNA by >100,000-fold. By use of sequenc-
ing primers located internal to the amplification primers,
direct genomic sequence was obtained from enzymatically
amplified DNA by using the dideoxynucleotide chain-
termination method. The method is relatively simple and
offers significant advantages in identifying mutations in genes
for which the normal sequence is known. Heterozygous and
homozygous mutations in the human A- and y-globin loci were
unambiguously identified in 3 days with <1 pg of genomic
DNA.

The identification of mutations and polymorphisms in human
genes by DNA sequencing contributes substantially to our
understanding of the molecular nature of disease and has a
variety of practical applications in diagnosis. Sequence
information is usually obtained by cloning the genes from
individuals expected to harbor a mutation and then compar-
ing the sequence of the cloned DNA to that of the normal
allele. The cloning process is laborious, however, requiring
several weeks of library construction and screening to obtain
DNA clones. Moreover, if the individual is not homozygous,
several clones may have to be studied to be certain that both
alleles are detected.

Several methods of screening for mutations have recently
been developed that do not require cloning. Carefully con-
trolled hybridization with mutation-specific oligonucleotide
probes (1), for example, can detect the presence of single
base changes in short segments ofDNA if the exact nature of
the mutation is known in advance. The location of mutations
in a few genes has also been successfully identified by
ribonuclease cleavage of mismatches between a labeled
normal antisense RNA and genomic DNA (2) or by cleavage
of RNARNA duplexes of a labeled antisense RNA and
cellular RNA from an affected tissue (3, 4). Mutations in
genomic DNA have also been detected by denaturing gradi-
ent gel electrophoresis (5). These approaches, however, do
not provide the actual sequence at the mutation site, and
some mismatches are not detected. Methods have been
reported for direct chemical sequencing of mammalian ge-
nomic DNA (6), but these have not yet been widely adopted
due to the degree of technical difficulty. Direct dideoxynu-
cleotide sequencing (7) of eukaryotic genomic DNA has
previously only been achieved in yeast (8).
The development of the polymerase chain reaction (PCR;

ref. 9) to selectively amplify a short segment of DNA by
>100,000-fold has reduced the problem of sequence com-
plexity and signal strength as impediments to direct analysis
of single-copy DNA sequences. The PCR has been used to
enrich for segments of the human f3-globin (9-11), HLA-

DQa (10, 11), and c-ras (12) genes and has recently been
used to acquire direct sequence from human mitochondrial
DNA (12). The misincorporation rate ofPCR DNA synthesis
is low [1 in 600 base pairs (bp) or less], but in a cloning study
only 1-20% of the amplified DNA corresponded to the
desired sequence, with the remainder arising from a back-
ground of priming from other genomic sequences (10). We
now report that this background can be successfully over-
come by using a "nested" set of PCR amplification primers
(13, 14) and dideoxynucleotide chain-termination sequencing
primers that hybridize internally on the amplified DNA.

MATERIALS AND METHODS
Materials. Human DNA was prepared as described (15)

from lymphoblastoid cells or peripheral blood leukocytes
and digested with restriction endonuclease HindIII prior to
amplification. Oligodeoxyribonucleotides were synthesized
on an Applied Biosystems model 380B DNA synthesizer and
purified on 15% or 20% polyacrylamide/8 M urea gels (16).
Deoxyribonucleotides and dideoxyribonucleotides were ob-
tained from Pharmacia P-L Biochemicals; [y-32P]ATP was
from New England Nuclear; proteinase K was from Beck-
man Instruments; T4 polynucleotide kinase was from United
States Biochemical; and avian myeloblastosis virus (AMV)
reverse transcriptase was from Life Sciences (St. Peters-
burg, FL). The large fragment (Klenow) of Escherichia coli
DNA polymerase I was prepared from strain CJ155 (17).
DNA Amplifications. DNA amplifications were carried out

by the method of Saiki et al (11) with minor modifications.
Amplification reaction mixtures contained (in 100 1l) 2 Ag of
template DNA, 0.5 pug (each) of purified oligodeoxynucleo-
tide primer, 1.5 mM (each) dATP, dGTP, dCTP, and dTTP,
100 mM Hepes (pH 7.5) buffer, 6 mM MgC12, and 50 mM
NaCl. In our hands the use of Hepes rather than Tris buffer
helped maintain the integrity of the DNA. Other variations
from the protocol of Saiki are as follows: after the denatur-
ation and centrifugation steps in each round, the sample was
incubated only 20 sec in a room temperature water bath
before adding 1 1.l (20-30 units) of the large fragment of E.
coliDNA polymerase I. Amplification products were probed
in reaction mixtures containing, in 40 Al, 50 mM Hepes (pH
7.9) buffer, 6 mM MgCl2, 40 mM KCI, 0.6 mM (each) dATP,
dGTP, dCTP, and dTTP, 1.0 1.l of the amplification reaction
mixture, and 100,000 dpm of the indicated radiolabeled
oligonucleotide primer {1000-7000 Ci/mmol (1 Ci = 37
GBq), labeled using T4 polynucleotide kinase and [y-
32P]ATP}. Radiolabeling extension products by incorpora-
tion of [a-32P]dNTPs rather than prelabeled primer results in
unacceptable background. Reaction mixtures were incu-
bated at 95-1000C for 5 min and then incubated at 500C for 15
min to hybridize the primer. One microliter (8-12 units) of

Abbreviations: PCR, polymerase chain reaction; AP, amplification
primer; IP, internal primer; HPFH, hereditary persistence of fetal
hemoglobin; AMV, avian myeloblastosis virus.
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AMV reverse transcriptase (Life Sciences) was added and
the extension reaction was allowed to proceed at 500C for 20
min before 8 ,u1 of stop mix (1 mg of protease K per ml/2%
NaDodSO4/100 mM EDTA, pH 8) was added and the
sample was incubated at least 30 min at 500C. DNA was
recovered by precipitation with 110 Al of ethanol, resus-
pended in loading buffer (98% deionized formamide/10 mM
NaOH/1 mM EDTA/0.05% xylene cyanol), and subjected
to electrophoresis in polyacrylamide sequencing gels (16)
containing 8 M urea. The autoradiographic exposure shown
in Fig. 2 was for 2 days on Cronex 4 film (DuPont) with a
Lightning Plus intensifying screen.
DNA Sequencing Reactions. Amplified DNA for sequenc-

ing reactions was recovered by digestion at 50'C with 0.2 vol
of stop mix for at least 2 hr; this was followed by precipita-
tion with 2.5 vol of ethanol and washing the precipitate with
75% ethanol. Dideoxynucleotide chain-termination sequenc-
ing reaction mixtures using AMV reverse transcriptase were
the same as the radiolabeled probe reaction mixtures de-
scribed above except that the reaction mixtures contained
four times as much template, 0.007 mM dideoxynucleotide
triphosphate, 0.022 mM deoxynucleotide triphosphate of the
same type, and 0.22 mM of the other three deoxynucleotide
triphosphates (8). Autoradiographic exposures varied from
10 hr to 4 days depending on the specific radioactivity of the
oligonucleotide primers.

RESULTS
The two segments of genomic DNA chosen for testing are
shown schematically in Fig. 1 and were selected because of
the presence of known mutations with important in vivo
consequences that occur in these regions. In the region
upstream from the human fetal globin (0)y and Ay) genes a
number of single base changes have been identified (18, 19)
in association with hereditary persistence of fetal hemoglo-
bin (HPFH). A large number of mutations have been iden-
tified within the 5' portion of the human 3-globin gene,
which lead to hemoglobinopathies (18, 19). APs were 17-30
nucleotides in length and were chosen to match the normal
sequence. PCR amplification was carried out with the Kle-
now fragment of DNA polymerase I, and the DNA was
probed by hybridizing radiolabeled IPs and by extending

with AMV reverse transcriptase. As seen in Fig. 2, y-globin
promoter DNA amplified from the y-AP1 and y-AP2 primers
continued to increase steadily for at least 23 rounds, whereas
the 3-globin DNA signal was weak and ceased increasing
entirely after 15-17 rounds. This difference is unlikely to be
due solely to the increased distance between the /3 primers,
since varying the distance between a fixed ,B-AP1 primer and
different (-AP2 primers from 150 to 350 bp resulted in
equally poor signal strengths. Similarly, the signal remained
strong in promoter amplification when y-AP1 and 'y-AP2
were moved 150 bp apart (data not shown). Cessation of P
amplification may be due partially to depletion of nucleo-
tides or primers from the reaction mixture, since dilution of
an aliquot into a new reaction mixture after 15 rounds
frequently resulted in a moderate increase in signal (" + AP1/
AP2"). A larger and more consistent increase was observed,
however, when the new reaction mixture contained at least
one new amplification primer (" + AP1/AP3") that was
nested inside the original set. In this case the signal after
8-10 additional rounds of amplification was nearly equiva-
lent to that of the y-promoter amplification after 23 rounds
(Fig. 2). Although the reasons for the poor two-primer
amplification at the 13 locus remain obscure, it seems possi-
ble that the phenomenon is linked to the percentage of the
overall events in each round that occur at the desired
priming site. As in the sequencing reactions described be-
low, the nested primer in the three-primer amplification
would select a subset of the originally amplified DNA, thus
greatly increasing the percentage of DNA synthesis com-
prised by the desired amplification. Several different third
primers have all given the same result for the nested ,B
amplification (not shown), indicating that this may prove a
generally acceptable method of circumventing poor amplifi-
cation at any given locus.
An example of the data obtained when the amplified DNA

is subjected to dideoxynucleotide chain-termination se-
quence analysis is shown in Fig. 3. DNA from a homozygote
for the sickle mutation (codon 6, GAG to GTG) was ampli-
fied by a combination of the 3-AP1, 83-AP2, and P-AP3
primers. Both strands were subsequently sequenced from
the B-IP1 and P-IP2 primers. In repeated experiments the
sequence data obtained are of high quality, comparable to
that obtained with cloned DNA templates. Occasional am-
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FIG. 1. Amplification and sequencing strategy. The regions of the human f-globin and fetal globin genes chosen for amplification and direct
sequencing are shown along with the oligodeoxynucleotide amplification primers (APs) and internal probe primers (IPs) used in the
experiments. Arrows indicate the 5' -+ 3' orientation of the primers. The fetal globin primers hybridize to conserved nucleotide sequences (18)
in the Gy and A.y promoter regions at positions - 118 to - 147 (y-AP1), - 207 to - 231 (y-AP2), and - 152 to - 168 (y-IP1) wth respect to the
transcription initiation site. The APs for the ,B-globin genes hybridize at positions 58-78 in the first intron (13-AP1) and positions -55 to - 75
(f3-AP2) and - 38 to - 54 (13-AP3) with respect to the translation initiator ATG. 8-IP1 and j3-IP2 are 17-mers that hybridize immediately adjacent
to 3-AP1 and 8-AP2, respectively. nt, Nucleotides.
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FIG. 2. Two-primer versus three-primer amplification. Two
micrograms of leukocyte DNA was amplified in 100-1.d reaction
mixtures by the PCR method. Initially two reaction mixtures were
set up, one containing the -AP1 and )-AP2 primers and one
containing the 18-AP1 and 13-AP2 primers. After 15 rounds of
amplification, two 20-Il aliquots of the P-AP1/AP2 reaction mixture
were withdrawn and diluted into two new 100-I1I reaction mixtures
containing fresh buffer, primers, and oligonucleotides. One of the
new reaction mixtures contained more added 83-AP1 and P-AP2,
whereas the other contained -3-APi and j8-AP3. Amplification of the
original reactions and the two new reactions was then continued for
an additional 8 rounds (rounds 16-23). After the indicated number of
rounds, aliquots of 0.2 Al from the original reaction mixtures or 1 ILI
from the new reaction mixtures were withdrawn. The DNA was
probed by hybridizing a radiolabeled internal primer (DIP1 or

.3-IPi), extending with AMV reverse transcriptase, and analyzing
the radiolabeled extension products by size on polyacrylamide
sequencing gels. The products shown were the only visible bands in
the autoradiographs and, as judged by length and subsequent
sequence analysis, represent run-off termination at positions at or
near the 5' ends of y-AP2 (y-tAP1/AP2 amplification), 13-AP2 (13-
AP1/AP2-only amplifications), or 83-AP3 (3-AP1/AP2, then
AP1/AP3 amplification). In the bottom panel a minor band slightly
longer than the run-off product at the R-AP3 site does not increase
in intensity between rounds 17 and 23 and is presumed to arise from
run-off at the f3-AP2 site due to residual (3-AP1/AP2-amplified
DNA.

biguous positions are all resolved by referring to the se-
quence of the opposite strand. No traces of sequence corre-
sponding to the 6-globin gene, which could be present in the
amplified DNA due to significant homology in this region
(18), are detected. When DNA from a heterozygote for the
sickle mutation was analyzed in comparison with the sickle
homozygote (Fig. 4 Upper), the the presence of the normal
base (adenine) and the sickle mutation base (thymine) was
easily identified. Other ambiguities in the sequence do not
appear on both strands and are most likely reverse transcrip-
tase artifacts (e.g., the starred position in Fig. 4). We have
also used this same set of primers to detect heterozygotes for
13-thalassemia caused by either a G -* C mutation at position

5 or a T -- C mutation at position 6 of intron 1 as well as a

heterozygote for a frameshift mutation at codon 8/9 (data
not shown). Fourteen of the 34 described 3-thalassemia

::

FIG. 3. Sequence analysis of amplified DNA. Two micrograms
of DNA prepared from peripheral leukocytes of an individual
homozygous for sickle cell anemia was amplified by using the
13-AP1/AP2/AP3 three-primer method with the secondary amplifi-
cation carried out for a total of 10 rounds. Four percent of the
recovered DNA was used as a template in each dideoxynucleotide
chain-termination sequencing reaction (A, G, C, or T). Sequence
was obtained for both strands by using either 13-IPi or 13IP2 as the
radiolabeled primer. The position of the homozygous sickle muta-
tion (13s) in the sequence of each strand is indicated to the sides of
the panel. The known nucleotide sequence of both strands (18) in the
region of the P3s mutation is given for reference to the right of the
panels. Duplicate samples of each reaction mixture were electro-
phoresed for longer times (not shown) to ensure accurate reading of
the 84-IP1 reaction at least 25 nucleotides past the f3s position. No
ambiguities occurred at the same position in the sequence of both
strands.

mutations, and more than 50 X-chain hemoglobin variants,
would be detected by this set of primers (19).
DNA from the y-promoter region was sufficiently ampli-

fied by the y-AP1 and y-AP2 primers that it yielded unam-
biguous sequence. As shown in Fig. 4 Lower, it is possible to
identify a heterozygote for Gy HPFH, which carries a C -> G
mutation at position - 202 relative to the cap site of the Gy
gene. Because the Gy and A-y promoter sequences are
normally identical in this region, both promoters are ampli-
fied. The mutation is thus present in only 25% of the DNA
but is still easily detected.

DISCUSSION
With the widespread success in cloning human genes, a rapid
means of detecting disease-causing mutations or polymorph-
isms in these cloned genes is of increasing importance (for a
review, see ref. 20). In addition to providing a means of
accurate prenatal and postnatal diagnosis, identification of
such sequence changes can offer clues about structure-func-
tion relationships and the mechanism of mutation. Molecular
cloning of mutant alleles from affected individuals has usu-
ally been the method of identification. Orkin and Kazazian
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FIG. 4. Detection of heterozygous mutations. Leukocyte DNA
from a homozygote (Ps(5s) or a heterozygote (I1AMs) for sickle cell
anemia was amplified by using (3-AP1/AP2/AP3. Normal DNA or
DNA from an individual previously shown to be heterozygous for G'
HPFH, carrying the C -- G mutation at -202 relative to the cap
site, was amplified by using the y-AP1 and y-AP2 primers. The
sequence of the sense strand is displayed on the right of each panel
with the positions of the Ps and Gy HPFH - 202 mutations denoted
by heavy arrows. For the amplified 3-globin DNA, sequence from
the (3-IP2 primer is shown for the region of the 1ts mutation. The A
and T bands at the P3s position in the heterozygote DNA are
consistently of roughly equal intensity. The heterogeneity at the
starred C position in the P sequences is an artifactual reverse
transcriptase pause and does not appear in the sequence of the
complementary strand (see Fig. 3). Portions of the sequence from
the y-IP1 primer are shown in the cases of the amplified y-globin
DNA in the - 200 region. In independent experiments, the wild-type
C band at position - 202 in the Gy HPFH DNA was more intense
than the G band at the same position, as expected since the Gy and
Ay promoters are both amplified in this experiment and therefore
only one sequence out of four carries the C -+ G mutation in this
HPFH heterozygote.
(21), for example, have used this approach to identify a large
number of point mutations and frameshifts that lead to
(8-thalassemia. An advantage of the cloning approach is that
one can then place the mutant allele into an expression
vector to study its mechanism. In many situations, however,
the mechanism is obvious or the behavior of the altered
protein can be directly analyzed. In such settings, a method
of detecting mutations that does not require the time-
consuming generation and screening of a genomic library
would be advantageous. Recently described methods of
point mutation detection that depend on denaturing gradient
gels (5) or ribonuclease cleavage of mismatched RNADNA
or RNA-RNA duplexes (2-4) avoid the need for cloning but
do not detect all possible single-base mutations. These
methods also indicate only the approximate position of a
mutation and not its actual sequence.

Direct genomic sequencing avoids many of these difficul-
ties but has in the past been technically challenging because
of the complexity of the human genome and the consequent
signal-to-noise problem (6). We show here that use of the
PCR to selectively amplify the region of interest greatly
reduces this problem and allows direct characterization of
heterozygous and homozygous mutations in human genomic
DNA from <1 ug of starting material and in a time period of
about 3 days. Homozygous mutations and mutations in
males with X-linked conditions will be particularly easy to
detect as will frameshift mutations since these result in a
"double image" sequence above the site of the frameshift.
Direct genomic sequencing may also provide a convenient
approach to the analysis of evolutionary differences between
closely related species, to the frequency of germ-line and
somatic mutations at the DNA level, and to the detection of
sequence polymorphisms for linkage analysis. As with con-
ventional sequencing, both strands of amplified DNA should
be sequenced and a normal genomic DNA should be run in
parallel in order to avoid being misled by sequencing arti-
facts (an example is shown in Fig. 4 Upper). The PCR using
the Klenow fragment is known to have an error rate of
41/600 bp, as determined by cloning of amplified DNA (10).
This should not present a problem for direct sequencing,
however, since any given nucleotide misincorporation will
not comprise a significant proportion of the amplified DNA.

Several features of the procedure require further investi-
gation. It is unclear why the P-globin amplifications were
only successful when a third nested amplification primer was
used, though the y-globin promoter amplifications were
quite successful with two primers (Fig. 2). Sequence prefer-
ence of the Klenow enzyme, secondary structure of the
renatured genomic DNA, and mishybridizing of the primers
to other related genomic sequences are possible causes. It is
not yet clear how far apart the amplification primers can be
placed before efficiency drops to unacceptable levels; we
noted no loss of efficiency when the primers were placed up
to 350 bp apart, but even larger segments of amplification
would allow more convenient analysis of larger genes.
However, even with present protocols, the synthesis of
amplification and sequencing primers for the promoter,
exons, and exon-intron boundaries of small- to moderate-
sized genes is feasible. The use of alternative polymerase
enzymes to perform the amplification and/or sequencing
should also be investigated. By performing the first primer
extension reaction with reverse transcriptase, for example, it
should also be possible to carry out this procedure with
RNA.

Note Added in Proof. McMahon et al. (22) have recently reported on
direct genomic sequencing of sequences in the c-Ki-ras gene. In
addition, PCR using the heat-stable Thermus aquaticus polymerase
followed by direct genomic sequencing has recently been used to
characterize several ,8-thalassemia mutations (23).
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