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Predefined changes in a known DNA sequence were
introduced by a general method. Oligodeoxyribonu-
cleotides complementary to positions 582 to 593 of the
viral DNA strand of the bacteriophage ¢X174 am3 mu-
tant (pGTATCCTACAAA), and to the wild type se-
quence in this region (pGTATCCCACAAA), were syn-
thesized and used as specific mutagens. Each of these
oligonucleotides was incorporated into a complete cir-
cular complementary strand when used as primer on a
genetically heterologous viral strand template, by the
combined action of subtilisin-treated Escherichia coli
DNA polymerase I and T4 DNA ligase. Incomplete du-
plexes were removed or were inactivated by nuclease
S1 and the products were used to transfect spheroplasts
of E. coli.

Both oligonucleotides induced specific mutations at
high efficiency when used with heterologous template
(15% mutants among progeny phage). The am phages
isolated by this procedure are phenotypically gene E
mutants, and contain A at position 587 of the viral
strand. They thus appear identical with am3 and pro-
vide evidence that the change G — A at position 587 is
sufficient to produce a defective E function.

Since the template for the induction of am mutants
carried another genetic marker (sB1), the strains carry-
ing the induced mutations have the new genotype am3
sB1. It should be possible to introduce the am3 muta-
tion into any known mutant strain of $X174 using this
same oligonucleotide.

Both possible transition mutations were induced in
these experiments. In principle, the method could also
induce transversions, insertions, and deletions.

The method should be applicable to other circular
DNAs of similar size, for example recombinant DNA
plasmids.

The advent of methods for the rapid determination of DNA
sequence (Sanger and Coulson, 1975; Maxam and Gilbert,

* This work was supported by National Institutes of Health Re-
search Grants Al 08998 and GM 21313 and by a grant from the
Medical Research Council (Canada). The costs of publication of this
article were defrayed in part by the payment of page charges. This
article must therefore be hereby marked “advertisement” in accord-
ance with 18 U.S.C. Section 1734 solely to indicate this fact.

1 Recipient of National Institutes of Health Career Development
Award Al 70604.

8 Recipient of National Institutes of Health Career Development
Award GM 00126.

9 Medical Research Associate of the Medical Research Council
(Canada).

1977) has made available the exact sequence of extensive
regions of DNA from a variety of organisms. In particular, a
complete nucleotide sequence has been established for the
genome of bacteriophage ¢X174 (Sanger et al., 1977). Com-
parison of mutant DNA sequences to that of the wild type
has been of great value in localizing genetic functions on the
nucleotide sequence (Barrell et al., 1976; Brown and Smith,
1977a,b; Smith et al., 1977). It appears to us that general
methods for the construction of any desired mutant sequence
would greatly increase the ability of sequencing methods to
yield biologically relevant information. Such methods should
also make it possible to construct DN As with specific modified
biological functions.

We, therefore, have designed such a method for changing a
specific nucleotide in a DNA sequence with high efficiency.
The first step is the synthesis of an oligodeoxyribonucleotide
complementary to the desired mutant sequence. This oligo-
nucleotide is complementary to the wild type sequence except
for the altered nucleotide(s). It is used as a primer for DNA
polymerase on a circular, single-stranded wild type DNA
template. Closed circular heteroduplexes are formed by liga-
tion and incomplete duplexes removed. The mutant is then
isolated biologically; by transfection of spheroplasts in the
case of X174 (Fig. 1).

In our first experiments, we have specifically mutated po-
sition 587 of $X174 DNA (Sanger et al, 1977). In the wild
type DNA, G is present at this position and is replaced by A
in the gene E lysis mutant am3 (Barrell et al., 1976). Genes D
and E overlap in this region of the DNA (Fig. 2). We have
synthesized, and used as specific mutagens, two oligodeoxyri-
bonucleotides which are complementary to this region of wild
type and am3 viral DNAs (Fig. 2).

EXPERIMENTAL PROCEDURES

Synthesis of Oligodeoxyribonucleotides—Chemicals and enzymes
were obtained as described previously (Gillam et al, 1977). The
pGTAT was synthesized by chemical condensation of suitably pro-
tected pGT and pAT using the methods of Khorana et al. (1972). The
protected tetranucleotide was isolated chromatographically on
DEAE-cellulose. After removal of protecting groups, the pGTAT was
further purified by successive chromatography on DEAE-cellulose in
the presence and absence of 7 M urea (Tomlinson and Tener, 1963).
Analytical high pressure RPC'-5 chromatography (Gillam et al., 1977)
and nucleoside analysis (Table II) indicated the presence of a small
amount of dG-rich contaminating oligomer, probably pGTGT result-
ing from dimerization of the protected pGT. The stepwise enzymatic
synthesis of pGTATCCTACAAA was performed by standard proce-
dures (Gillam et al., 1977), using the empirically established optimal

' The abbreviations used are: RPC, reverse phase column chro-
matography; RF, replicative form DNA.
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F1c. 1. Synthesis and isolation of a specific mutation (m) in $X174
(¢pX) starting from a mutant oligonucleotide primer and a wild type
(wt) viral strand template. The primer is extended by E. coli polym-
erase I (Pol I) which has been treated to destroy 5-exonuclease
activity (Klenow and Henningsen, 1970; Brutlag et al., 1969; Klenow
et al., 1971). DNA ligase is present during the polymerase reaction to
promote immediate conversion to closed circular duplex molecules.
Such a heteroduplex molecule should be perfectly base-paired except
at the site of the mutation. Because the conversion to complete
duplex molecules is inefficient under our conditions, incomplete mol-
ecules are next removed or biologically inactivated. One simple pro-
cedure is treatment with nuclease S1 which cleaves any partially
single-stranded structure to a linear noninfectious form. Transfection
of E. coli spheroplasts then yields a phage population which contains
a high proportion of the desired mutant.

conditions listed in Table 1. Each preparative step was monitored by
analytical high pressure RPC-5 chromatography. Reactions were
stopped by addition of EDTA and the products isolated on DEAE-
cellulose using a linear gradient of NaCl in 7 M urea and 0.05 M
Tris-HCl, pH 7.5. Each oligonucleotide was desalted on a small
DEAE-cellulose column (Gillam et al, 1975a) and the purity was
checked by analytical high pressure RPC-5 chromatography. At each
stage, unreacted starting material was recovered and recycled one or
more times (Table II). The products of the recycling steps were
combined for nucleoside analysis (see below) before the next prepar-
ative step. Because the amount of pGTATCCTAC was small, the last
step in the synthesis was carried out using ["H]JdADP as substrate to
facilitate monitoring of the product (Fig. 3). Homogeneity of the
product am 12-mer was examined after *P-labeling the 5'-terminus
(van de Sande et al., 1973) by homochromatography (Brownlee and
Sanger, 1969) using elution mixture 5 of Jay et al. (1974). The
pGTATCCCACAAA was synthesized by analogous procedures start-
ing from a by-product of the above synthesis, pGTATCCC (Tables I
and II).

Characterization of Oligodeoxyribonucleotides—Oligonucleotides
were hydrolyzed with snake venom phosphodiesterase and Esche-
richia coli alkaline phosphatase and nucleoside compositions were
quantitated by high pressure cation exchange chromatography on
Aminex A5 (Pike and Rottman, 1974; Gillam et al., 1977). The results
are summarized in Table II. The two 12-mers, after **P-labeling of
their 5’-termini, were characterized by two-dimensional sequence
determination (Brownlee and Sanger, 1969) using the homochroma-
tography mixture 5 of Jay et al. (1974). The mixture of partial
digestion products required for this method of sequence determina-
tion was generated using a modification® of the endonuclease P,
method (Lockard and RajBhandary, 1976). The oligonucleotide, *P-
labeled at the 5'-terminus (0.03 uCi, at a specific activity of 1000 Ci/
mmol), heat-denatured calf thymus DNA (1 pg), P, endonuclease
(0.15 units), Tris-HCL, pH 7.5 (10 mM) in a volume of 10 ul was
incubated at 20°C for 10 min and then heated at 100°C for 3 min to
stop the reaction. The result of the sequence determination for
pGTATCCTACAAA is shown in Fig. 4. The sequence is in agreement
with that expected and there is only a small contamination of the 12-
mer by a product of the same length separated electrophoretically.
The sequence determination shows that the contaminant contains a
dG at the 3rd residue from the 5'-terminus, a consequence of the
pGTGT contaminant of the chemically synthesized pGTAT primer.
The pGTATCCCACAAA was characterized in the same way and
gave analogous results (not shown).

DNA Preparations—Viral strand DNA from ¢X174 am3 ¢s70 was
prepared from phage purified by one equilibrium banding in CsCl,
followed by sedimentation through a sucrose layer into a CsCl step
gradient. Phages were dialyzed briefly against 0.05 M sodium tetra-
borate to remove CsCl, phenol-extracted twice, and dialyzed exten-
sively against H.O. This is the same preparation used in much of the

2C. A. Astell, personal communication.
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sequence determination described by Sanger et al. (1977). Viral strand
DNA from ¢X174 sB1 was a gift from J. A. Lautenberger and was
prepared by phenol extraction of phage purified by two successive
equilibrium bandings in CsCl.

Oligonucleotide Primed Synthesis of Covalently Closed Duplex
DNA—¢X174 viral strand (2 ul containing 1 pg of DNA) was mixed
with 1.25 ul of oligonucleotide (A0 = 1) and 5.25 pl of “RF Synthesis
Mix” (0.19 m KCl; 95 mm Tris- HCL, pH 7.8; 0.57 mM each of dATP,
dTTP, dCTP, dGTP; 13 mm MgCly; 190 um rATP; 19 mm NH,CL; in
some experiments, one a-"P-labeled deoxynucleoside triphosphate
was included at approximately 0.08 pCi/ul). In some experiments,
primer was preannealed by heating in a sealed capillary at 65°C for
2 min, followed by incubation for 30 min at 37°C. The sample was
removed from the capillary to a polypropylene tube (Eppendorf). E.
coli Pol I (0.5 pl of Boehringer Mannheim DNA polymerase (enzyme
A according to Klenow et al, 1971) at a nominal concentration of 892
units/ml) and T4 DNA ligase (0.4 to 0.5 units in 0.5 to 1.0 ul, obtained
from Miles Research Products) were added and the reaction was
incubated either at 0°C for 30 min followed by 2 h at 26°C, or simply
at 26°C for 3 h with no noticeable difference in result. Reaction
products were frozen and stored at —20°C for later analysis.

Enrichment for Closed Circular Duplex DNA—Incomplete RF
and residual plus strand template were either destroyed by treatment
with nuclease S1, or else removed by nitrocellulose filtration following
alkaline denaturation. For S1 treatment, 1 pl of the Pol I plus ligase
reaction product (this contains 0.1 pg of template strand) was mixed
with 2.3 units of S1 in a total reaction volume of 25 pl containing 0.28
M NaCl, 4.5 mM ZnCl,, 0.03 M sodium acetate, pH 4.0. Nuclease S1
prepared by a slight modification of the procedure of Vogt (1973) was
a gift from Earl Ruley, a graduate student in the Department of
Bacteriology, University of North Carolina, Chapel Hill. The reaction
was incubated 30 min at 26°C, then 10 pl of 0.25 m Tris- HC], pH 8.1,
was added to stop the reaction. Samples were either used immediately
for transfection or stored at —20°C.

In experiments employing the nitrocellulose filter method, 50 ul of
0.05 M Tris- Cl, pH 8.1, was added to the Pol I-ligase reaction mixture
which was then extracted once with 50 ul of phenol:chloro-
form:isoamyl alcohol (25:25:1). The aqueous phase was extracted once
with ether and then applied to a 1-ml column of Sephadex G-100 in
1 mm Tris- HCl, pH 7.5, 0.05 mmM EDTA. The peak immediately after
the void volume was collected and freeze-dried. Each sample was
dissolved in 20 ul of H.O and 200 pl of “denaturation buffer” (0.04 m
K>HPO,, 0.05 M NaOH, 0.09 M NaCl, 0.01 M Tris-OH, 10™* M EDTA),
which has a pH of approximately 12.3, was added. After a few minutes
at room temperature, 200 ul of 0.07 M KH>PO, (the unadjusted pH of
this solution was 4.8) was added, the solution was mixed and filtered
slowly through a 13-mm diameter type HA Millipore filter which had
been prewashed with 10 mm Tris-Cl, pH 8.1, 0.1 mm EDTA, 0.5 m
NaCl. The filtrate was then filtered through a second Millipore filter.
The filtrate was added to approximately 50 ul of packed nitrocellulose
powder (RS 1/4 s, Hercules, Inc.) washed with 0.30 M NaCl, 0.03 M
sodium citrate, pH 7, and the tube was mixed thoroughly. After
centrifugation to pellet the nitrocellulose powder, the supernatant
was either used immediately for transfection or stored at —20°C.

Transfection—Spheroplasts of E. coli strain W6 were prepared as
previously described (Pagano and Hutchison, 1971) except that prot-
amine sulfate (Benzinger et al., 1971), was added to give a concentra-
tion of 25 pg/ml immediately following the termination of the lyso-
zyme reaction with MgSO,. The spheroplasts were stored at 0°C and
could be used for at least 2 weeks after preparation, DNA samples
were diluted to 0.4 ml with 0.05 M Tris-Cl, pH 8.1. Transfection was
carried out as described (Pagano and Hutchison, 1971) except that all
incubations were at 37°C. Phages were released by chloroform treat-
ment and stored over chloroform at 4°C prior to plaque assay.

Genetic Analysis—Three $X174 mutations were used in these
experiments: 1) am3 (Hutchison and Sinsheimer, 1966) is a suppres-
sible gene K nonsense mutant resulting from a G — A change at
position 587; 2) ¢s70 (Dowell, 1967) is a cold-sensitive mutant which
has not been precisely localized but has been mapped in HindIl
fragment R1 (nucleotides 1295 to 2343); 3) sB1 (Schnegg and Hof-
schneider, 1969) is a mutation which confers sensitivity to E. coli B
restriction and modification. This mutation has been localized to the
vicinity of nucleotide 1650 by J. A. Lautenberger et al.(1978).

Total phage from transfections was plaque assayed on E. coli HF
4714 (su™, rnmy) indicator at 37°C, a condition which is permissive for
all the mutations used. Phages which are wild type at the am3 site
(am™ phage) were selectively plaque assayed on E. coli C (su |, rom,)
at 37°C. Since there is no selective assay for am phage in the presence
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580 590 600
. ' '
3" A-A-A-C-A-C—C-C-T-A-T-Gp 5'

3'  A-A-A-C-A-T-C-C-T-A-T-Gp 5'

A (am3)
wild=type o, —T—G»C«G—T—T—T-A-T-G-G—T—A—C—CwC—T—G—G—A—C—T—T-T—G—T—E—G—G—A—T—A—C—C—C-T—C—G—C—T— 3!
viral DNA =
gene D - Cys - Val - Tyr - Gly - Thr - Leu - Asp - Phe - Val - Gly - Tyr - Pro - Arg -
gene E (Met)- Val - Arg ~ Trp - Thr - Leu - Trp - Asp - Thr - Leu - Ala -

Fic. 2. Nucleotides 561 to 600 of wild type $X174 viral DNA and
the synthetic oligodeoxyribonucleotides complementary to the region
around nucleotide 587 in wild type and am3 DDNA. The mutant
position 587 is underlined together with the corresponding
nucleotide In the complementary oligodeoxyribonucleotides

of am* phage, the frequency of induced am mutations was determined
by first plating total progeny phage (HF 4714, 37°C), then spot testing
individual plaques by stabbing with sterile toothpicks onto lawns of
su (C) and su* (HF 4714). The presence of a clear spot on the su”*
indicator and no clearing of the su ~ indicator demonstrates that the
tested plaque is am. To test whether a plaque identified as am is
mutant in gene E we used special media containing bile salts and
lysozyme which in effect make E gene function nonessential. Gene E
am mutants can make plaques on su cells (C) on these plates which
were prepared as described previously (Barrell et al., 1976). Plaques
were tested for the presence or absence of ¢s70 by spot test on HF
4714 at 25°C and 37°C. Phages with the ¢s70 marker form plaques
only at 37°C, whereas ¢s* phages form plaques at both temperatures.
The presence of sB1 was demonstrated by a reduced efficiency of
plaque formation of unmodified phage (grown in HF 4714) when
plated on the rymp strain E. coli BC. Since this strain is su , it was
necessary to perform tests for sB1 in the gene E am mutant strains
on bile salts/lysozyme plates.

DNA Sequence Analysis—We used the rapid plus and minus
method of Sanger and Coulson (1975) essentially as described by Air
et al., 1976 and by Brown and Smith, 1977b.

Fragment Z5 was used as primer on viral strand template to look
at the sequence in the region of the am3 site.

RESULTS

Synthesis and Characterization of pGTATCCTACAAA
(am 12-mer) and pGTATCCCACAAA (am* 12-mer)—The
tetranucleotide pGTAT was synthesized using the chemical
methods of Khorana et al. (1972). A small amount of contam-
inating oligonucleotide, detectable by high pressure analytical
RPC-5 chromatography (Gillam et al, 1977), persisted
throughout purification of the tetranucleotide. Subsequent
steps in the syntheses were carried out by the E. coli poly-
nucleotide phosphorylase-catalyzed enzymatic method (Gil-
lam and Smith, 1972, 1974; Gillam et al., 1974; Gillam et al,,
1975a; Gillam et al., 1977). Optimal conditions, as in earlier
experiments, were achieved by varying MnCl,, NaCl, and
deoxynucleoside 5'-diphosphate concentrations and are listed
in Table 1. A notable observation was the difficulty in obtain-
ing a good yield of the nonanucleotides, a consequence of the
slow rate of addition of the pdC residues (Table I). Because of
the small amounts of nonanucleotides which were available
(Table II), the next step of the syntheses, addition of three
pdA residues, was carried out with ["H]dADP to facilitate
product isolation (Fig. 3). At each stage of the syntheses,
except the last, unreacted primer was recovered and recycled
one or more times to increase the overall conversion (Table
1I).

Enzymatic conversion of oligonucleotides to their compo-
nent nucleosides followed by quantitative high pressure cation
exchange chromatography is a convenient method of charac-
terization (Pike and Rottman, 1974; Gillam et al., 1977) and
was applied to all the oligonucleotide intermediates (Table

Ter (am3)

pGTATCCCACAAA (am™ 12-mer) and pGTATCCTACAAA (am
12-mer). The mutation of G to A at position 587 produces an am
codon, TAG, in the gene E reading frame; the change from GTG to
GTA in the gene D reading frame does not affect the protein sequence
(Barrell et al., 1976).

II). The two dodecamer products were characterized using the
two-dimensional sequencing method (Brownlee and Sanger,
1969; Jay et al, 1974). Endonuclease P; has recently been
used in RNA sequencing to prepare the complete set of partial
digestion products required by the two-dimensional method
(Lockard and RajBhandary, 1976). The method was used
successfully in the present experiments with oligonucleotides
(Fig. 4). In the case of pPGTATCCTACAAA, the experiment
gave the anticipated sequence and showed a contaminant of
the same length with dG as the 3rd residue from the 5-end.
This was a consequence of the contaminant in the imitial
tetranucleotide primer pGTAT. Sequence determination of
pGTATCCCACAAA gave analogous results (not shown).

Specific Priming by Synthetic Oligonucleotides on am3
and wt Templates—We have investigated the specificity of
several of the synthetic oligonucleotides described above as
primers for synthesis by E. colt Pol I using both am3 and wt
viral strands as templates. Synthesis in the presence of [a-**P]
dATP was cold-chased by the addition of excess nonradioac-
tive dATP. The products were digested with Hae I11, dena-
tured, and analyzed as single strands by acrylamide gel elec-
trophoresis in the presence of 7 M urea, as shown in Fig. 5.

The predicted product of these reactions extends from the
5’-terminal G (complementary to the C at position 593) to the
Hae 111 cleavage site following residue 435, and therefore has
an expected chain length of 158. Three specific priming prod-
ucts close to this expected size are observed, and calibration
with Hae III fragments of $X174 RF indicates that Band B
(Fig. 5) is the predicted product. Priming by the am 12-mer
and the am™ 12-mer is more efficient in each case with
homologous template than with heterologous template, indi-
cating that these 12-mer primers initiate synthesis at the am3
site to produce Band B. Relative band intensities in the
homologous and heterologous priming experiments also sug-
gests that Band A (approximately 165 nucleotides) is also
initiated by base-pairing in the vicinity of the am3 site. The
mechanism by which Band A arises is unknown.

The shorter am 7-mer primer also primes at the am3 site to
yield Band B when homologous (am3) template is used. This
product is not produced on a wt template, presumably due to
mispairing of the 3’-terminal T residue of the primer. How-
ever, both templates produce a new product (Band C, Fig. 5)
with am 7-mer primer. We interpret this as the result of
priming at the perfectly complementary sequence AGGATAC
at residues 3265 to 3272 of the viral strand sequence. The
synthesized fragment extending from this priming site to the
Hae 11 site at residue 3121 would have a chain length of 151,
in perfect agreement with the observed size of Band C. The
sequence complementary to the am 7-mer does not occur
elsewhere in the wt $X174 nucleotide sequence. We have no



6554 Mutagenesis at a Specific Position in DNA

TaBLE 1

Conditions for enzymatic stepwise synthesis of pGTATCCTACAAA and pGTATCCCACAAA catalyzed by E. coli polynucleotide
phosphorylase

Incubations were at 37°C, [*H}dADP had a specific activity of 2 mCi/mmol, and the enzyme had a specific activity of 16 units/mg as
measured by the dADP polymerization assay.

Primer pmol dNDP pmol MnClL, NaCl Enzyme  Volume Time Product Yield

umol mmol units ml h %

pGTAT 3.90 dCDP 24 160 24 56 8 5 pGTAT 34
pGTATC 15

pGTATCC 30

pGTATCCC 12

pGTATC 0.81 dCDP 6 10 1.2 18 2 7 pGTATC 36
pGTATCC 55

pGTATCCC 9

pGTATCC 1.73 dTDP 20 100 0.5 60 5 16 pGTATCC 40
pGTATCCT 51

pGTATCCT 1.40 dADP 5 100 3.0 60 5 7.5 pGTATCCT 81
pGTATCCTA 14

pGTATCCTA 0.31 dCDP 1.8 6 0.7 20 1.2 6 pGTATCCTA 70
pGTATCCTAC 15

pGTATCCTAC 0.054 ['H]dADP 0.4 1 0.15 2 0.25 6.5 pGTATCCTAC 20
pGTATCCTACA 31

pGTATCCTACAA 15

pGTATCCTACAAA 19

pGTATCCC 0.62 dADP 6 40 1.2 24 2 16 pGTATCCC 58
pGTATCCCA 40

pGTATCCCA 0.30 dCDP 3.6 24 0.36 17 1.2 6 pGTATCCCA 87
pGTATCCCAC 8

pGTATCCCAC 0.028 [*"H]dADP 0.15 0.4 0.06 0.7 0.1 6 pGTATCCCAC 35
pGTATCCCACA 29

pGTATCCCACAA 6

pGTATCCCACAAA 12

TasLE 11
Qverall conversions at each step of the enzymatic synthesis and the nucleoside composition of the products

The amounts of product oligonucleotides are the sums of the material obtained after recycling the primer at each step. For other details see
“Experimental Procedures.”

Primer pmol Cycles Product pmol Yield dT dG dA dC
%
pGTAT 3.90 5 pGTAT 1.84 1.25 1.00 0.00
pGTATC 0.81 21 1.80 1.05 1.07 1.00
pGTATCC 1.53 40 2.10 1.18 1.00 2.08
pGTATCCC 0.62 16 2.07 1.33 1.00 3.08
pGTATC 0.81 2 pGTATCC 0.56 70
pGTATCCC 0.09 11
pGTATCC 1.73 5 pGTATCCT 1.40 81 2.76 1.10 1.00 1.80
pGTATCCT 1.40 6 pGTATCCTA 0.31 22 3.04 1.14 1.96 2.00
pGTATCCTA 0.31 4 pGTATCCTAC 0.07 22 2.82 1.08 2.00 2.98
pGTATCCTAC 0.054 1 pGTATCCTACAAA 0.01 19
pGTATCCC 0.62 3 pGTATCCCA 0.35 56 1.92 1.15 2.00 3.00
pGTATCCCA 0.30 5 pGTATCCCAC 0.028 9 1.98 1.17 2.00 4.18
pGTATCCCAC 0.028 1 pGTATCCCACAAA 0.003 12

satisfactory explanation for the apparent decrease in priming  might reflect a difference in secondary structure of the tem-
at this site when using wt template. This could be partially plate resulting from the am3 mutation.

due to a difference in quality of the template preparations Taken together, these results indicate that both synthetic
used in these experiments. On the other hand, this effect 12-mers prime in the regions which they were designed to
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Fic. 3. Polynucleotide phosphorylase-catalyzed addition of
[*HlpdA residues to pGTATCCTAC. A, analytical separation of
products by high pressure chromatography on RPC-5 (Gillam ef al.,
1977). B, preparative separation of products on DEAE-cellulose (120
% 6 mm) using a gradient of NaCl (250 ml of 0.08 M and 250 ml of 0.2
M) in 7 M urea, 0.05 mM Tris- HCl, pH 7.5. Fractions (2 ml) were
collected at 12-min intervals. Experimental details are in Table 1.

&

Fic. 4. Two-dimensional sequence determination for
pGTATCCTACAAA. Details are under “Experimental Procedures.”
The trinucleotide spot corresponding to the contaminant with dG at
the 3rd position from the 5'-terminus was produced in high yield due
to preferential hydrolysis. The contamination is a much lower fraction
of the total than is implied by the intensity of the spot. The letters
BD and YD indicate the positions of “blue dye” (Xylene cyanol F.F.)
and “yellow dye” (Orange G) markers.
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am3 cs70 am' sB1 Template

F1c. 5. Specific priming by synthetic oligonucleotides. Viral strand
templates of genotype am3cs70 and am*sB1 were each primed with
the am 12-mer (pGTATCCTACAAA), the wt 12-mer
(pGTATCCCACAAA), the am 7-mer (pGTATCCT), or else were
unprimed (indicated by ), as indicated in the figure. The leftmost
and rightmost channels contain Hae III digests of nick-translated
am3cs70 RF-DNA as markers. In the priming experiments, viral
strand (1 pl of Ase = 15) and oligonucleotide (1 ul of Auw = 1) were
mixed at room temperature to give a reaction volume of 10 pul
containing 50 mm NaCl, 34 mm Tris-Cl, pH 7.4, 17 mm MgCl,, 1.7 mm
B-mercaptoethanol, 0.1 mm each of dCTP, dGTP, dTTP, and 3 pCi
[a-"P]dATP (approximately 100 Ci/mmol). The reaction mixture
was chilled to 0°C and 0.5 pl (0.45 units) of E. coli Pol 1 (Klenow et
al., 1971) was added. After 15 min at 0°C, 0.5 pl of 10 mm dATP was
added and incubation was continued for 5 min at room temperature.
Polymerase was inactivated by heating the reaction to 70°C for 5 min.
All samples were digested with excess Hae III at 37°C, then denatured
by the addition of 25 ul of formamide followed by heating for 3 min
at 100°C. Electrophoresis was performed in a 5% polyacrylamide gel
containing 7 M urea and 90 mMm Tris/borate, pH 8.3. The gel was fixed
in 10% acetic acid and then autoradiographed. Arrowheads indicate
the positions of single-stranded marker fragments Z1 (1342 n), Z2
(1078 n), Z3 (876 n), Z4 (606 n), Z5 (310 n), Z6a,b (271 n, 278 n), Z7
(230 n), Z8 (194 n), and Z9 (118 n). The letter n refers to nucleotides.
Some reannealed fragments are also seen. Sizes of the fragments at
positions A (165 n), B (158 n), and C (151 n), were estimated by
interpolation from a plot of marker fragment mobility versus chain
length.
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specifically mutate. The am 7-mer shows an additional prim-
ing site which is interpretable in terms of the known ¢X174
sequence.

Specific Mutation—In preliminary experiments, we tested
the ability of the am 12-mer to induce am mutants of $X174
using our standard marker rescue conditions which work with
restriction fragments (Edgell et al, 1972; Middleton et al.,
1972) and pancreatic DNase fragments larger than approxi-
mately 20 nucleotides in size (Hutchison and Edgell, 1971). A
negligible level of mutation (one am mutant out of 600 plaques
tested) was observed.

To raise the efficiency of mutations, we attempted recon-
struction of an am3 minus strand by using the am 12-mer as
primer in a polymerase plus ligase reaction with an am®* sB1
plus strand template. Initial experiments with this reaction
indicated very inefficient conversion to covalently closed du-
plex DNA (less that 1%). We therefore incorporated a proce-
dure for removing unused templates and incomplete duplex
molecules by nitrocellulose filtration following alkaline dena-
turation and neutralization. The result of such an experiment
is shown in Table III. A significant yield of am phage was
found among the progeny when the am 12-mer was used as
primer (19 am out of 225 plaques tested). No am mutants
were found among the progeny when the am” 7-mer was used
as primer, when primer was omitted, or when ligase was
omitted from the reaction. Incorporation of *P into the syn-
thesized DNA (data not shown) showed that the am™ 7-mer
primed essentially as well as the am 12-mer. The reaction
with no added primer synthesized 50% as much DNA as the
primed reactions, suggesting some extraneous source of prim-
ing. It seems likely that the efficiency of recovery of am

TasLE III
pGTATCCTACAAA induces am mutants of ®X174

The template plus strand in this experiment was wild type at the
am3 site and carried the sB1 mutation (am* ¢s* sB1). Primers were
not preannealed. The polymerase plus ligase reactions were for 30
min at 0°C, then 2 h at 26°C. No ligase was added to Reaction 2. The
products were enriched for closed circular duplex DNA by the nitro-
cellulose method. One hundred microliters of the nitrocellulose
treated supernatant was used for transfection. Total progeny plaque-
forming units in the 2-ml spheroplast reactions are tabulated.

Mutagenesis at a Specific Position in DNA

mutants may be limited in part by the efficiency of the
nitrocellulose enrichment procedure. If it worked perfectly,
the nitrocellulose procedure should remove all infective DNA
from the nonligated reaction. However, the total number of
phage produced in spheroplasts was actually not dependent
on the addition of ligase, presumably due to incomplete re-
moval by nitrocellulose of single-stranded or reannealed ma-
terial. Because all samples were denatured and filtered
through nitrocellulose, we cannot draw any conclusion about
the ability of a completely polymerized but nonligated duplex
to produce mutants.

All 19 of the am mutants isolated in this experiment formed
plaques on su~ E. coli in the presence of bile salts and
lysozyme, indicating that they are all gene E mutants. We
have tested 35 am mutants (from two experiments) induced
by the am 12-mer and enriched by the nitrocellulose proce-
dure for the ability to form plaques at 25°C. All were able to
plate at this temperature and are therefore cs* and cannot be
am3cs70 which would be a possible contaminant due to its
widespread use in the laboratory. Five of the am isolates from
experiments using nitrocellulose enrichment have been tested
for restriction by the E. coli B system. All five are restricted,
indicating that they carry the sB1 marker from the template
plus strand. No strains carrying am mutations and the sB1
mutation existed prior to these experiments.

The nitrocellulose enrichment procedure is cumbersome
and inherently somewhat variable since its efficiency depends
on the rate of filtration. We therefore have explored an alter-
native enrichment procedure which inactivates any ¢X ge-
nomes except those contained in completely duplex molecules
by treatment with nuclease S1. Table IV shows the result of
such an experiment. Under the S1 treatment conditions em-
ployed, infectious $X plus strand was inactivated by a factor
of 10°, while supercoiled RF (purified from infected cells) was
inactivated less than 2-fold.

It is clear from the data of Table IV that the am 12-mer
induces am mutants with high efficiency (16% of the progeny
from transfection are am). Similarly the am®* 12-mer specifi-
cally reverts am3 to am* at the same rate (15%). Control
experiments employing primers homologous to the target
region of the template showed no detectable mutation or
reversion rate (the am3cs70 template DNA already contained

Fenc. Primer Li.  Total prog "'"e2§°g one part iq 10" am' revertants). In the reversion experiment
tion . Geno.  £a5¢ eny Total it was possible to assay the induced revertants prior to the S1
Sequence type progeny enrichment step. S1 treatment did not reduce the absolute

1 GTATCCTACAAA ams 4 16x10° 19 /295 number of induced revertants, suggesting that only completed

2 GTATCCTACAAA am3 - 1.6 X 10°  0/225 duplex molecules yield revertant progeny. The apparent lower

3 GTATCCC am*  + 4x10°  0/225 susceptibility to S1 in the homologous am3¢s70 12-mer primed

4 None + 16X 10°  0/225 reaction (Reaction 1, Table IV) is probably a consequence of

a more efficient primed reaction with this combination.
TaBLE IV

Specific induction and reversion of am genotype by GTATCCTACAAA and GTATCCCACAAA

Primer and template were subjected to the preannealing procedure prior to polymerase plus ligase reactions for 3 h at 26°C. Products were
enriched for closed circular duplex DNA by the S1 nuclease procedure. The entire S1 reaction product was used for transfection. Progeny
phage yields are stated in terms of number of plaque-forming units in the 2-ml spheroplast reaction.

Primer Nonenriched progeny S1 enriched progeny
Reac- Template gen- Mutant (am) Mutations Mutants Mutations
tion Sequence (ien:- otype Total or revertant Total {am) or re- T
VP (am’) Total vertapts Total
am™)
1 pGTATCCTACAAA am3 am3cs70 4 x 10° 7.1 X 10? 1.8 x 107 8.8 x 10° 2 x 10 2x 107
. (am™) (am”)
2 pGTATCCCACAAA am” am3cs70 1 X 10° 6.5 x 10 6.5x 10 * 8.2 x 10* 1.3x 10*  0.16
(am™) (am?)
3 pGTATCCTACAAA am3 am*sB1 8 x 10° 1.8 x 10* 2.7x10°  0.15
. (am) (156/1021)
4 pGTATCCCACAAA am” am*sB1 1.6 X 10° 43x 10" <~9x10" <~2x 107"
(am) (0/500)
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Ten am mutants induced in the experiment of Table IV
were randomly selected for further study. All 10 were shown
to form plaques on su~ E. coli in the presence of bile salts and
lysozyme, and thus are gene E mutants. All 10 are ¢s70" (form
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Fic. 6. Nucleotide sequencing of oligonucleotide induced am mu-
tants. A, am3cs70 viral strand template; B, viral strand template from
an am mutant induced by the am 12-mer (isolate oamé); C, viral
strand template was prepared from a mixture of equal numbers of
plaque-forming particles from 10 am isolates induced by the am 12-
mer in the experiment of Table IV; D, viral strand template was a
mixture of the pooled am mutants (C, above) and am*sB1 in the ratio
3:1, based on A.s measurements; E, am*sB1 viral strand template. A
portion of each gel is shown along with a diagrammatic representation
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plaques at 25°C) and carry the sB1 marker (are restricted in

E. coli BC). These isolates were further characterized by

DNA nucleotide sequence analysis as described below.
Nucleotide Sequence of Induced Mutations—In order to
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indicating the relevant bands. Deduced sequence is displayed beside
the diagrams and is aligned with the outermost channels (bands are
curved). Dashed [ines indicate positions of artifact bands (internally
inconsistent extra bands in either a plus or minus channel, but not
appearing in both, see Sanger and Coulson, 1975). Dashes in the
deduced sequences indicate bands which are missing in either the
plus or minus channels. The apparent artifact in the +C channel of
Panel D at position 587 is expected because of the am” template
deliberately added to this sample.
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show conclusively that the method described here induces the
intended mutation, we have determined the nucleotide se-
quence change in induced am mutants produced by the
method. To determine whether all of the induced am mutants
contain a G — A change at position 587 without sequencing
a large number of individual isolates, we have performed some
of the sequencing experiments with DNA prepared from a
mixture of 10 different am clones. Fig. 6 displays plus and
minus sequencing gels which compare the sequence of induced
am mutants with those of am3 and am™ strains. A single am
mutant induced by the am 12-mer and selected following
nitrocellulose enrichment (Fig. 6 B), and also an equal mixture
of 10 am mutants selected following S1 enrichment (Fig. 6 (),
both show homogeneous sequence patterns identical with am3
(Fig. 6 A). These induced am mutants have an A at position
587 instead of G which is found in the am™ strain (Fig. 6 E).
Reconstruction experiments in which am® sB1 DNA was
added to the mixture of 10 induced am DNAs showed that
25% contamination with am”™ sequence is readily detectable
(Fig. 6D) and that 10% am* sequence is at the limit of
detectability by this method (data not shown). The only new
band which would be expected to result from addition of am "
DNA in such a reconstruction experiment would be a +C
band at position 587. Because this band is not well resolved
from the +C band at position 586 resulting from the am
sequence, and because we sometimes see an artifact in the
+C channel at approximately position 587, other criteria are
more reliable for the estimation of am’ contamination. Rela-
tive intensities of certain bands differ markedly in am3 and
am®’ sequence gels and can thus be used as markers. In
particular, the +T band at position 589 and the +C band at
position 585 have a much higher intensity in the am® pattern
(Fig. 6 E) than in the am patterns (Fig. 6, A, B, and C). The
relative intensity of these bands is clearly increased by the
addition of 25% am® DNA to the pool of 10 induced am
isolates (Fig. 6 D).

We conclude that at least 8, and probably all, of the 10
pooled am isolates are 1dentical in sequence with am3 in this
region of the genome.

DISCUSSION

The need for precise control and targeting of mutagenic
agents has long been evident. Chemical modification of a
specific DNA fragment followed by use of that fragment to
introduce mutations in a specific gene has been described
(Borrias et al, 1976). A mutagenic nucleoside analog, N*-
hydroxycytidine, has been enzymatically introduced at a spe-
cific site in bacteriophage Q8 RNA to produce a specific
mutation (Flavell ef al., 1974, 1975; Sabo et al., 1977), and this
method should be adaptable to DNA mutagenesis. However,
the ideal method would introduce all four classes of point
mutation (transitions, transversions, deletions, and insertions)
in a completely predictable manner at a specific site at an
efficiency high enough to allow mutant isolation without
biological selection. It seemed to us that the best prospects of
success were offered by in vitro synthesis of an oligonucleotide
for use as a specific mutagen.

To test the method, we decided to synthesize oligonucleo-
tides designed to mutagenize position 587 in ¢$X174 DNA.
This site had a number of useful characteristics for a first test
of the method. A well characterized gene E mutant am3 had
been shown to occur at this position. It is possible to screen
for such am mutants by standard procedures, and to identify
them as gene E mutants by phenotypic suppression on a
special medium. This region may be readily sequenced to
verify the structure of induced mutations (Barrell et al., 1976).

Mutagenesis at a Specific Position in DNA

Specific regions of $X174 DNA can be rescued from a small
complementary wild type DNA fragment annealed to circular
mutant viral single-stranded DNA (Weisbeek and van de Pol,
1970; Hutchison and Edgell, 1971). It has been suggested that
this technique could be used to incorporate a synthetic oligo-
nucleotide into an intact genome, although fragments less
than about 20 nucleotides long were not rescued by this
method (Hutchison and Edgell, 1971). Rescue was possible
using a long fragment with the base pair mismatch eight
nucleotides from its 5"-end, however, the same fragment with
mismatches eight and six base pairs from the end would not
rescue the mutations (Weisbeek et al, 1976; Smith et al.,
1977).

The oligonucleotides were synthesized by the stepwise en-
zymatic method in order to minimize the possibility of low
level chemical changes which would increase the mutagenic
background. A length of 12 nucleotides was chosen on the
basis of the following considerations. Firstly, in order to be
unique in a genome of the size of $X174, the oligonucleotide
should be at least a heptamer (Astell and Smith, 1972).
Secondly, a mismatched base pair, in the center of an oligo-
deoxyribonucleotide paired with a complementary sequence,
destabilizes the structure by an amount which is approxi-
mately equivalent to the removal of two base pairs (Gillam et
al., 1975b); much more extensive mismatching with a short
oligonucleotide would probably not result in a stable structure
(Astell et al., 1973). It seemed that a decamer would be close
to the minimal functional length and a dodecamer was closed
to the maximum accessible by the synthetic method (Gillam
et al., 1977).

Oligodeoxyribonucleotides can be used as primers on cir-
cular single strand $X174 DNA for E. coli DNA polymerase
I and the products can be converted to closed circular duplexes
by ligation (Goulian et al., 1967; Goulian, 1968a). At 20°C,
oligonucleotides containing nine nucleotides and more are
efficient primers (Goulian et al., 1973), but most of the primer
molecule is excised from the product, presumably due to the
5'-exonuclease activity in the enzyme (Goulian, 1968b). We
therefore decided, because E. coli DNA polymerase [ is so
effective at DNA synthesis on a single-stranded template
(Sherman and Gefter, 1976), to use the mismatched oligonu-
cleotides as primers for E. coli DNA polymerase [ in which
the 5’-exonuclease had been inactivated by subtilisin (Brutlag
et al., 1969; Klenow and Henningsen, 1970; Klenow et al.,
1971).

The synthesis and characterization of the am 12-mer and
the am™ 12-mer presented no major problems {Tables I and
II, Figs. 3 and 4). A minor contaminant in both oligonucleo-
tides did not produce any detectable problems. Both oligo-
nucleotides primed DNA synthesis by subtilisin-treated E.
coli DNA polymerase I at the desired site on am and am'
DNAs in heterologous and homelogous pairings.

Priming with a 12-mer homologous to the template was
more efficient than heterologous priming in both cases (Fig.
5).

The products of synthesis by polymerase in the presence of
ligase were tested for the induction of am mutants and for
reversion of the am3 mutation (Tables III and IV). Revertants
could be selectively assayed and therefore could be readily
detected among progeny phage from am® 12-mer primed
reaction using am3 plus strand template (Table IV). The
frequency was low however, due to a high background of am3
progeny arising from incomplete duplex molecules. This back-
ground could be reduced by removing incomplete molecules
by nitrocellulose filtration after selective alkaline denaturation
(Table 111}, or more simply by endonuclease S1 digestion
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(Vogt, 1973). We employed digestion conditions where cleav-
age at a single mismatched base pair should be very infrequent
(Shenk et al., 1975; Dodgson and Wells, 1977).

Following the enrichment procedures, am mutants or re-
vertants were produced at remarkably high efficiency by
products of heterologously primed reactions. No detectable
mutagenesis by homologous primers was observed. This in-
dicates that mutations arise by incorporation of the primer
into a complete minus strand as was intended and not as the
result of poor synthetic fidelity during the in vitro polymerase
reaction.

DNA sequence analysis of am mutants induced by the am
12-mer show an A at position 587, while G is present at this
position in the am’ sB1 template used in the mutagenesis
experiment. This is the same mutational change which led to
the formation of am3 from the wild type $X174 (Barrell et
al., 1976). In fact, the high yield of am mutants identical in
phenotype with am3 which results from our procedure pro-
vides evidence that the observed mutation at position 587 is
the only change necessary to inactivate gene E function. These
experiments provide additional proof, by partial synthesis, for
the overlapping of genes D and E, since this portion of the
¢X174 DNA is known to code for the D protein (Barrell ef al.,
1976).

The am™ template plus strand used for the induction of am
mutants by the am 12-mer carried a mutation (sB1) at another
site. Therefore, am mutants arising from the experiment were
found to be am3 sB1. This suggests that this is a useful general
method for the construction of double mutant strains carrying
the am3 mutation.

In terms of the chemistry of mutation, the experiments
described here have synthesized the two mismatched pairings,
C,A and T,G, which are the intermediates for the two possible
transition mutations, CG < TA, and both mutations were
produced. The stabilities of mismatched base pairs allows the
prediction that the intermediates for all of the possible single
base pair transversions can be produced equally easily (Gillam
et al., 1975b). It should be possible in principle to produce
insertions and deletions by the strategy described here, al-
though sufficient data is not available to estimate the chain
length required for primers which are mispaired with the
template strand in these ways.

An important feature of the method is its high efficiency.
The experiment of Table IV yielded a phage population, 15%
of which were am mutants at-a single site. In isolation of
$X174 am mutants by the traditional genetic approach, it is
typical to screen populations containing one am mutant per
500 to 1000 phage. Such mutants are distributed among more
than 20 mapped sites on the $X174 genome (Hutchison, 1969;
Benbow et al, 1971; Benbow et al, 1974). The yields of
mutants derived from 12-mer primers in these experiments
are comparable to those obtained from full length minus
strands annealed to a genetically distinguishable plus strand
{Merriam et al., 1971a; Merriam et al., 1971b).

In the present experiments, it was convenient to screen for
the biological phenotype of the induced mutations. However,
in the general case, it is desirable to be able to isolate mutants
in the absence of such a selection procedure. If mutants are
obtainable at about a 10% frequency, then those in which a
restriction endonuclease site is induced or deleted can be
readily selected. If the only method for selection is DNA
sequence determination, then a mutational efficiency of
greater than 25% is desirable. It should be possible to obtain
a frequency of 100% by strand separating the closed circular
heteroduplex DNA and isolating the mutant strand. In the
case of pX174, this can be used to infect directly (Rust and
Sinsheimer, 1967; Siegel and Hayashi, 1967; Goulian et al,
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1967). Isolation of mutants without any selection based on
phenotype should make it possible to isolate phenotypically
silent mutants and mutants which would unconditionally in-
activate gene function. The latter might be done, for example,
by mutagenizing a phage gene which had been cloned onto a
bacterial plasmid in order to make its replication independent
of its function.

It will be possible to use the mutagenizing method with
many DNAs because filamentous phage DNA can be used as
a cloning vector (Messing et al, 1977). With duplex DNAs,
such as plasmids, the strands can be separated to permit use
of the method. Alternatively, it may be possible to use the
method via the intermediacy of displacement loop structures
(Holloman and Radding, 1977).

This new method of mutagenesis has considerable potential
in genetic studies. Thus, it will be possible to change and
define the role of regions of DNA sequence whose function is
as yet incompletely understood, for example, origins of DNA
replication, promoters, and the sequences for ribosome-bind-
ing sites. In addition, specific mutation within protein struc-
tural genes will allow the production of proteins with specific
amino acid changes. This will allow precise studies of struc-
ture-function relationships, for example the role of specific
amino acids in enzyme active sites, and the more convenient
production of proteins whose action is species specific, for
example the conversion of a cloned gene coding for a lower
vertebrate hormone to that for a human.
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