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A highly efficient site-specific mutagenesis method has been devised to exclude wild-type DNA from
incorporation into the transformed cells. Two complementary oligonucleotides, corresponding to a target
sequence of a DNA molecule and containing an insertion mutation which created an endonuclease restriction
site, were synthesized. By using the wild-type DNA molecule flanked by two restriction sites on each side of the
target region as a template, the two oligonucleotide primers were extended, enriched, and isolated. The
extended products, in turn, were used as templates in a polymerase chain reaction to obtain a mutagenized
double-stranded DNA fragment which was conveniently cloned into plasmids by using the flanking restriction
sites. Escherichia coli cells transformed by these plasmids were subject to large-scale analysis. One hundred
percent of the transformants examined by colony hybridization, restrictioh enzyme analysis, and DNA
sequencing were found to contain the mutant DNA sequence.

Site-specific mutagenesis of DNA is a very important tool
in genetic engineering. Changing the DNA sequence can
facilitate the study of the structure-function relationships of
DNA, RNA, or protein coded by the DNA sequence. New
endonuclease restriction sites anywhere in the DNA se-
quence can be created, thus facilitating further gene manip-
ulation.
Common methods of site-specific mutagenesis use syn-

thetic oligonucleotides which are complementary to a wild-
type single-stranded DNA (ssDNA), except for the target
region to be mutated (10). The synthetic oligonucleotides are
hybridized to the wild-type template and extended by DNA
polymerase to form hybrid double-stranded DNA (dsDNA),
which is then used for cell transformation. Transformed cells
derived from these processes have at most a 50% chance of
harboring mutant dsDNA. Various methods have been de-
vised to increase the efficiency of these processes (5, 12).

Recently, several groups have reported the use of poly-
merase chain reaction (PCR) to obtain site-specific mutants
(1-4, 13). Primers containing the desired mutation were used
in the PCR to amplify the wild-type sequence, and the
resulting dsDNA was used to transform Escherichia coli
cells. Since the mutant sequence increases exponentially and
the wild-type sequence increases only linearly in the PCR,
most of the transformants will harbor the mutant sequence.
Work by Kadowaki et al. demonstrated the generation of
mutants in 83% of the resultaht transformants (3). Despite
the high mutation rates, these schemes do not exclude the
possibility of transformants containing the wild-type se-
quence. It would be useful if the scheme itself could preclude
the wild-type sequence from being used in the transforma-
tion. We have used such a scheme which experimentally
results in 100% mutants, as verified by checking with large
numbers of transformants.

MATERIALS AND METHODS
Strains, plasmids, and plasmid isolation. E. coli K-12 strain

JA221 was used as the transformation host. pNL021 is
pKEN030 with the Hindlll site replaced by an XhoI linker

* Corresponding author.

(6). Plasmids were isolated by the method described by
Tanaka and Weisblum (11).
Enzymes. Restriction enzymes Scal, AatII, XbaI, Sall,

and MluI polynucleotide kinase and T4 DNA ligase were
from New England Biolabs.
Primer synthesis and labeling. Oligodeoxynucleotides were

synthesized with an Applied Biosystem DNA Synthesizer
and purified by gel elution. Phosphorylation or 32P labeling
was catalyzed by polynucleotide kinase (7).
Primer extension and PCR. The PCR methodology was

basically used as described by the manufacturer (Perkin
Elmer Cetus, Inc., Norwalk, Conn.) and in reference 9.
Plasmid pNLO21 (4.9 kb, 0.5 ,ug) linearized with Scal or Sail
was used as template. Primer extension was achieved by
adding 25 pLg of primer a (5' AATCTCCATGTA C GCGT
TACAAGTA 3') or b (5' TACTTGTAACGC G TACATG
GAGATT 3') to a solution containing 10 mM Tris-HCl (pH
8.3), 50 mM KCl, 1.5 to 2.5 mM MgCl2, 0.01% (wt/vol)
gelatin, 200 ,uM (each) deoxynucleoside triphosphates, and
2.5 to 4.5 U of Taq polymerase in a final volume of 100 pI.
The reactants underwent 25 cycles of denaturation (94°C, 1
min), annealing (50°C, 7.5 min), and extension (72°C, 3 min)
in a DNA Thermal Cycler (Perkin Elmer Cetus). The reac-
tion products were subjected to electrophoresis over 1%
agarose. The desired extension products were cut out and
isolated from the gel.
For the PCR, 260 to 500 ng each of primers a (see above),

b (see above), c (5' CCGCTGTTGAGATCCAG 3') and d (5'
CCGGTTTCGTGAGCAGT 3') were added to 10 ng each of
the isolated extension products, with other components of
the reaction mixture the same as those in the extension
reaction described above. Following 30 cycles of PCR, a
0.9-kb product was isolated after agarose gel electrophore-
sis. The isolated 0.9-kb fragment was digested with AatII
and BamHI. After deactivation of the restriction enzymes by
heating, the large fragment isolated from AatII and BamHI
digestion of pNLO21 was added, and a ligation reaction
catalyzed by T4 DNA ligase was carried out. The resultant
ligation mixture was used to transform E. coli cells by the
method described by Maniatis et al. (7).

Screening of colonies. More than 1,000 single colonies
obtained by the procedure described above were grown on
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FIG. 1. Schematic diagram for site-specific mutagenesis as de-
scribed in Results and Discussion. RE, restriction sites or corre-

sponding restriction enzymes; a, b, c, and d are oligodeoxynucle-
otide primers; A, B, C, D, E, and F are products of primer extension
reaction or PCR.

Luria agar plates containing 50 ,ug of ampicillin per ml, with
each plate having four colonies of JA221/pNLO21 as con-

trols. Screening of the colonies was performed by colony
hybridization (7), using 32P-labeled primer b as probe. The
hybridization was carried out at 65°C overnight. Washings
were done at 70°C for 10 min, 71°C for 5 min, and finally at
74°C for 5 min.

Plasmids of 72 putative mutants were prepared by a

standard alkaline lysis method (7) and analyzed by digestion
with MluI.
DNA sequencing. Sequencing was performed by the dide-

oxy method with Sequenase (U.S. Biochemical) by using the
manufacturer's protocol.

RESULTS AND DISCUSSION

The method of site-specific mutagenesis is schematically
shown in Fig. 1. The procedure is summarized as follows. (i)
A plasmid containing the target sequence (indicated in Fig. 1
by an asterisk) flanked by two restriction sites on each side
(RE1, RE2, RE3, and RE4) is linearized in separate reac-

tions by digesting the plasmid with restriction enzymes RE1

and RE4, respectively. (ii) Two separate DNA extension
reactions catalyzed by Taq DNA polymerase are carried out
with the two linearized DNAs as templates and synthetic
oligonucleotides (a and b) containing the desired mutation as
primers. Primers a and b are complementary to each other.
Multiple cycles of denaturation, annealing, and chain exten-
sion were carried out to enrich the concentration of the
extended ssDNAs (Fig. 1, A and B). (iii) ssDNA fragments
were isolated after agarose gel electrophoresis. (iv) After
mixing with primers a, b, c and d, the two extended ssDNAs,
A and B, were used to carry out a two-step PCR catalyzed
by the Taq polymerase. Primer c corresponds to a sequence
located between the RE1 and RE2 sites, and primer d
corresponds to a sequence located between the RE3 and
RE4 sites. For the first step of the PCR, opposite strands (C
and D) of the two template ssDNAs (A and B) were
synthesized and amplified. C and D hybridize at the over-
lapping complementary region and extend in opposite direc-
tions to form E and F, which then act as templates for the
subsequent PCR with primers c and d. (v) The amplified
dsDNA EF was digested with restriction enzymes RE2 and
RE3 and cloned into the RE2 and RE3 sites of the original
plasmid. As an example of this scheme, we have attempted
to introduce an insertion mutation (G/C) into the plasmid
pNLO21 between the second base pair and the third base pair
after the transcription initiation site of the E. coli outer
membrane lipoprotein (lpp) gene (8) so as to create a new
MliI restriction site. In pNLO21, the target site is flanked by
a Scal site (REI) (0.7 bp upstream) and an AatII site (RE2)
on one side and aBamHI site (RE3) and a Sall site (RE4; 1.1
kb downstream) on the other side. Primer a (5' aatctccatgta
c gcgttacaagta 3') and primer b (5' TACTTGTAACGC G
TACATGGAGATT 3') are complementary and contain the
insertion mutation. Primer c (5' CCGCTGTTGAGATCCAG
3') corresponds to a sequence 0.5 kb upstream of the
mutation site and is located between the Scal and AatII
sites. Primer d (5' ccggtttcgtgagcagt 3') corresponds to a
sequence 0.4 kb downstream of the mutation site and is
located between the BamHI and Sall sites.

Following the procedure described in the scheme (Fig. 1),
primer a and primer b were elongated in separate reactions
by the Taq DNA polymerase for 25 cycles by using the
pNLO21 linearized by Scal and Sall, respectively, as a
template. The 0.7- and 1.1-kb ssDNAs were isolated from
these reactions, mixed with primers a, b, c, and d, and
subjected to 30 cycles of PCR. A 0.9-kb fragment isolated
from the reaction product was digested with AatII and
BamHI. The AatII-BamHI fragment isolated was cloned into
the AatII and BamHI sites of pNLO21. E. coli cells, trans-
formed by the resulting plasmids, were analyzed by colony
hybridization, using 32P-labeled primer b as a probe. More
than 1,000 colonies were screened, and all resulting trans-
formants tested positive for the mutant DNA sequence.
Those colonies harboring wild-type plasmids, used as con-
trols, tested negative for the mutant DNA sequence (Fig. 2).
Additional testing was performed on plasmids isolated from
72 of the putative mutants by digesting them with MluI and
Scal to check for the presence of the newly created MluI
restriction site. After agarose gel electrophoresis, all 72
mutants tested yielded a 0.7-kb band and a 4.2-kb band,
corresponding to the DNA fragment sizes expected if the
MluI site is formed at the desired location. No other bands
were detectable. DNA sequencing was performed on 10 of
the 72 isolated and previously characterized positive clones.
The DNA sequence confirmed that a G/C base pair was
inserted in the mutant sequence (Fig. 3). We have observed
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FIG. 2. Colony hybridization analysis. (A) After transformation
of E. coli cells by mutagenized plasmids, 48 transformants were
transferred to a Luria agar plate containing 50 ,ug of ampicillin per
ml. The four colonies used as controls at the bottom row (49 to 52)
were wild-type JA221/pNLO21. (B) Autoradiogram of colony hy-
bridization using 32P-labeled primer b as probe. Positions of negative
controls are indicated by arrows.

no unexpected nucleotide sequence in 10 individual cloned
gene fragments comprising over 3,000 nucleotides se-
quenced. These results indicate that this procedure is reli-
able and highly efficient in the construction of the desired
point-specific mutation.
The scheme described here requires the presence of two

convenient restriction sites on each side of the target se-
quence. The two outermost restriction sites were used to
delimit the size of the ssDNA synthesized from primers a
and b. Our scheme was successful for restriction sites which
were located as far as 1.1 kb from the target site. The two
innermost restriction sites are for convenient cloning of the

FIG. 3. DNA sequence analysis of wild-type and mutant DNA
showing the insertion mutation. (A) Wild-type DNA; (B) mutagen-
ized DNA, with C insertion indicated by arrows.

mutated sequence. If no convenient restriction sites exist,
primers c and/or d can be designed such that the 5' end of the
primer(s) contains an extraneous sequence encompassing a
restriction site.

Conclusions. We have developed a scheme for site-specific
mutagenesis which effectively excluded wild-type DNA
from the transformed cell population. This scheme has the
advantage that one can, with 100% efficiency, rapidly obtain
correctly mutated DNA sequences. This efficiency mini-
mizes the chance of error and therefore the effort involved in
sequencing an unchanged DNA during the characterization
of the transformants. This technique also permits the cre-
ation of large numbers of different mutant cells in a very
short time, thus facilitating those studies requiring large
numbers of specific mutations, e.g., protein structure-func-
tion relationships.
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