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High efficiency of site-directed mutagenesis mediated
by a single PCR product
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ABSTRACT contains a stop codon (TAA) corresponding to codon amino acid
(aa) 17 of the human BTK cDNA. Reversion of this codon to CAA
enables the production of a GST-BTK fusion protein. plL6-596
plasmid carries the region of -596/+15 of the IL-6 gene, which
contains a bhinding motif for HIV-1 Ta2). The introduction of
point mutations into this motif allows the identification of single
nucleotides essential for the binding of HIV-1 Tat.

The outline of the procedure is shown in Fidurin the case of

We describe a highly efficient procedure for site-specific
mutagenesis of double-stranded plasmids. The method
relies on a single PCR primer which incorporates both
the mutations at the selection site and the desired single
base substitutions at the mutant site. This primer is
annealed to the denatured plasmid and directs the

synthesis of the mutant strand. After digestion with PGEX-BTK, the selection primer 1 was@GATCTGGGAAGG-
sEeIe;tlo_nhgnzere, ';hg pléf/mglagA '3 amghfuid dlr;to ATCCTGCATCAA-3 (the originalKpnl site is changed into a
schericiia coll —strain BMH/1-16 and subjected o a BarHI site; the mutant bases are underlined), while the mutagenic
secpnd digestion and amp!lflcat_lo_n into the bacterial primer 2 was 5GTTTTCTTTTTCTGI TGGGATCGC-3 (mutant
strain DH5 a. A mutagenesis efficiency >80% was con- base is underlined), with an expected PCR product of 148 bp. In the
sistently achieved in the case of two unrelated plasmids. case of plL6-596, the selection primer 1 WaEBTTTGCTCA-

Site-directed mutagenesis by unique restriction site eliminatidBATCTTCTTTCCTG-3 (the originalAfllll site is changed into a
introduced by Deng and Nickoloff allows a site-specific mutanewBglll site), while the mutagenic primer 2 wasCI GCGGTC-
genesis of a plasmid DNA without any subcloning sig¢pThis GAGCTCAGAATGAGCC-3 (a newSad site is created), with an
procedure uses two mutagenic primers: one carries the desiggpected PCR product of 1010 bp. Amplification of the fragments
mutation, the second, acting as a selection primer, carries a mutatietween primer 1 and 2 for each plasmid was performed inia 100
in a unique, non-essential restriction site in the target plasmid. Treaction containing 3 fmol template DNA, 30 pM each primer, 200
mutagenesis method relies on the simultaneous annealing of ! each deoxynucleotide triphosphate, B.WUDNA polymerase
primers (mutagenic and selection primers) to one strand of tk@tratagene, Heidelberg), 20 mM Tris—HCI pH 8, 10 mM KClI, 6
denatured double-stranded plasmid. After DNA elongation ardM ammonium sulfate, 2 mM Mgg10.1% Triton X-100, 10
ligation, the selection for plasmids lacking the selection restrictigng/ml BSA. In the case of pGEX-BTK, PCR conditions were as
site will also encode the desired second site mutation. However fodows: 25 cycles of 1.5 min at 9&, 2 min at 50C and 2 min at
have found that in the case of some plasmids, such as pGEX-BTR’C. To amplify pIL6-596, the elongation time was 4 min &C72
the recovery of the desired mutants is much lower than that of tAéthe end of 25 cycles, the elongation time was extended to 10 min.
selection restriction site selection mutants, yielding the desirétfu DNA polymerase (Stratagene) was used to decrease potential
mutant products at a frequency<df0%. The reason for this low second-site mutations during the PCR amplification. After PCR
efficiency may be due to the sequence of the target DNA, which magnplification, the fragments were purified by using PCR Prep DNA
acquire stable secondary structures, such as stem-loops. THagkfication Kit (Qiagen, Hilden, Germany), as specified by the
structures may interfere with the annealing of the mutagenic primerenufacturer. Both PCR fragments were phosphorylated by T4
and could result in low recovery of mutant plasmids. In order tpolynucleotide kinase (Boehringer Mannheim, Indianapolis) in a
circumvent this limitation, we developed a method of PCR-fragmehtiffer containing 3-10 pmol primers, 50 mM Tris—HCI pH 7.5,
directed DNA synthesis. This protocol relies on the use of selectié® mM MgCh, 5 mM DTT, 1 mM ATP and 5 U T4 polynucleotide
and mutagenic primers to amplify a region of DNA lying betweekinase in a volume of 1 for 1 h at 37C. The subsequent DNA
the annealed selection and mutagenic primers, generating the desitedgation, ligation and selection were carried out as previously
mutant DNA fragment. This mutant DNA fragment is then used asported {), with some modifications. Briefly, a 3@ solution
a primer for the subsequent production of heteroduplex DNA. Sincentaining each phosphorylated PCR primer (as detailed inlJable
the amplified DNA fragment contains both the desired and tHeD ng double stranded pGEX-BTK or plL6-596 plasmid, 20 mM
selection mutations, this method results in a high efficiency dfis—HCI pH 7.5, 10 mM MgG| 50 mM NaCl, 1.5 U T4 DNA
site-directed mutagenesis. polymerase (New England Biolabs, Hitchin, UK) and 2.5 U T4
This methodology was utilized to introduce single base substitdNA ligase (Boehringer Mannheim) was heated t¢ ©dor 3 min
tions into the pGEX-BTK and plIL6-596 plasmids. pGEX-BTKand immediately placed on ice for 10 min. Primer-directed DNA
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Bgl Il (Afl Il) Figure 2. Analysis of pIL6-596 transformants I8ad digestion. pIL6-596
l syﬁ’{;\':sis l transformants were digested whd and analyzed on agarose gel. Lane (M),
DNA size markers; lane (S), undigested plasmid; lane (T), template plasmid
digested withSad; lane (1-16), plL6-596 transformants digested \Bitd.
Mutant pIL6-596 carries twBad sites, and yields 615 and 4005 bp fragments.
selected non-mutant clones of plL6-596 derived from the two
l l procedures were analysed 8gd digestion (not shown) and by
» o . o sequencing the regions corresponding to the selection and to the
tanetorm NI A8 e Eton, mutagenic sites. In the case of the standard procedure, one clone
l ONA l showed a wild-type sequence in both the selection and in the
extraction mutagenic site, likely arising from a lack of cleavage of the selection
S N P S etom biga restriction site. The remaining five clones all showed a wild-type
l configuration of the mutant site, while the selection site showed the
desired mutations (Tabl®. This suggests a lack of concomitant
Check by sequencing Check by Sac | digestion

annealing of the mutagenic primer and the selection primer. The
analysis of six nhon-mutants generated by our procedure revealed that
Figure 1. Schematic representation of the methodology for site-directed ON€ transformam had a W"d't}’pe sequence In both the selection and
mutagenesis. The primers are indicated by arrows. In the case of pGEX-BTKNuUtant site, again suggesting an incomplete cleavage of the
primer 1 (selection primer) changes il site into a nevBanH| site, while wild-type plasmid. In five clones we observed the sequence
primer zd(P”é”éafge”'C p“me&ggangff dtlhe )TAIA ﬁmp °°d°f” :320532’* The 5 AGATGT-3', corresponding to truncated selection primers, and
amplifie ragment is p (bold line). In the case of pIL6-596, primer T ! - . . ’
1 (selection primer) changes tA#lll site into a newBglll site, while primer resultlng in the lack Qf Bg"l r,eStnCtlor_] site (SAQATQT'3 ) In

2 (mutagenic primer) creates a néad site. The expected fragment is 1010 these cases, contaminant primers with a truncated sequence coulc
bp. Because an originad existed in the template plasmid, after mutagenesis have generated a PCR fragment lacking a functiggiilsite. As

and digestion witlsad, two bands were anticipated to migrate at 615 and 4005 expected the region Corresponding to the mutant site showed a
bp, respectively. The PCR-directed DNA synthesis generates the second mutgn; 4 ' ; :

strand. The duplex DNA proceeds with two cycles of digestion andaw"d type Conﬂguratlon (Tablé)_. Due to the low pe.rce.”ta.ge of
transformation into the indicated bacterial strains. Transformants were checkddON-mutant clones obtained with our procedure, this finding does
by sequencing and by selected restriction enzymes. not appear to significantly decrease the efficiency of the procedure.

synthesis was performed by incubating the reaction for 5 min on iGeple 1.Effect of different concentrations of PCR primers on mutagenic
followed by a 5 min incubation at room temperature and a 120 ntfiiciency
incubation at 37C. The reaction was stopped by heating 4C68

for 10 min. During the PCR product-directed DNA synthesis, WepCR fragment  Fold molar Transformants ~ Mutagenesis
examined the mutagenesis efficiency versus the rate of PCR prodygg)y excess analyzed efficiency (%)
to DNA template. We found that the optimal rate was dependent=———¢ 10 5 0

upon the size of the amplified fragment. In the case of the 146 by

_ 48 20 6 66
fragment, a 50-fold molar excess over the wild-type template )

50 6 82
concentration was found to be optimal, while in the case of the 10:ITQ|_6_596 10 20 85
bp fragment a 10-fold molar excess worked better (Tadleboth 14, 20 20 75
plasmids we obtained a mutagenesis efficiency of >80% (Table 50 20 75

Fig. 2). To compare the mutagenesis efficiencies of the conventiornat
(.l) ar.]d thG6E[:>)(reBs$Et prgqedulli_eé \évge 6Ir;)tr0dl.,ll'0¢d SIQ gle base Shu%SgB‘ER fragments were mixed in a 10-50-fold molar excess with 50 ng template
tions in p ” and in piLo- y utilising the two metho SDNAina 15pl volume. After digestion and final transformation, the randomly

in parallel experiments. As reported in _TaBJewe_consistentIy chosen transformants were examined either by sequencing (tGEX-BTK) or by
obtained a 70-80% mutagenesis efficiency, with an 8-12-folggesting withSad (pIL6-596). The mutagenesis efficiency was calculated as

increase over the standard methodolaby Klext, six randomly  the number of mutants/number of analyzed transformants.
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Table 2. Mutagenic efficiencies of the standard and the present procedures Table 3. Analysis of non-mutant clones derived from plL6-596 plasmid
subjected to the standard or to the present mutagenesis procedures

Plasmid Standard Present
proceduré proceduré Clone$ Standard procedute Present procedute
pGEX-BTK Exp. 1 6.8% (2/29) 83.3% (5/6) Selection site Mutant site  Selection site Mutant site
Exp. 2 4.1% (1/24) 75.0% (9/12) 1 5-ACATGT-3¢  WT 5-ACATGT-3¢ WT
Exp. 3 8.3% (2/24) 83.3% (10/12) 2 5-AGATCT-39  WT 5-AGATGT-3¢ WT
pIL6-596 Exp. 1 6.6% (2/30) 85.0% (17/20) 3 5-AGATCT-3d  WT 5-AGATGT-3¢ WT
Exp. 2 8.3% (2/24) 75.0% (18/24) 4 5-AGATCT-39  WT 5-AGATGT-3¢ WT
Exp. 3 4.1% (1/24) 79.1% (19/24) 5 5-AGATCT-3¢4  WT 5-AGATGT-3¢  WT
6 5-AGATCT-3d  WT 5-AGATGT-3¢ WT

@Randomly selected transformants from three independent experiments -ef
mutagenesis were analysed by sequencing, in the case of pGEX-BTK, or #yix non-mutant clones were randomly selected from three independent experi-
Sad digestions in the case of pIL6-596. ments and analysed by sequencing the region corresponding to the selection re-
bThe indicated plasmids were subjected to mutagenesis as reported by Deng sifigtion site, or to the desired mutations.
Nickoloff (1; standard procedure), or as described under Results and DiscussRL6-596 plasmid was subjected to mutagenesis as reported by Deng and
section (present procedure). Mutagenesis efficiency was evaluated as the péickoloff (1, standard procedure), or as described under Results and Discussion
centage of clones carrying the desired mutations/analysed clones. section (present procedure).
CThe sequence'BRCATGT-3' corresponds to the wild-typAfllll site in

. - . . pIL6-596.

The results shown in Tablésand2 indicate that site-directed drhe sequence BGATCT-23' corresponds to the mutated selection site where the
mutagenesis mediated by a single PCR fragment is a valuafaii site was changed toBigll site (single base substitutions are underlined).
method. Since this method combines the selection and desireble sequence’ AGATGT-3' corresponds to an incomplelBégll site (the
mutations into a single primer, it has great advantage wheingle base substitution is underlined).
attempting to isolate ‘difficult’ mutants that are generated with
low efficiency in thein vitro primer-extension reaction. In
addition, a long PCR primer may overcome the inability of shoffEFERENCES
primers to anneal to refractory templates resulting from second: Deng,W.P. and Nickoloff,J.A. (1992nal. Biochem 200, 81-88.
ary structures. This could contribute to the higher mutagenes® Scala,G., Ruocco,M.R., Ambrosino,C., Mallardo,M., Giordano,V.,

efficiency achieved by our procedure. Baldassarre,F., Dragonetti,E., Quinto,l. and Venuta,S. (I9%%p. Med
y y P 179 961-971.
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