
LB cultures of individual colonies for
use in restriction-enzyme analysis. This
procedure is cost-effective because it
saves the use of expensive miniprep
kits for use with only positively identi-
fied recombinant clones and limits typ-
ically time-consuming miniprep steps.
Our method can be accomplished in a
few minutes in two microcentrifuge
tubes with minimal enzyme, expense,
no phenol/chloroform extractions and
no ethanol precipitations. We routinely
prepare overnight cultures on day one,
perform the microprep isolation and re-
striction enzyme analysis the following
morning and then perform a miniprep
isolation (e.g., using S.N.A.P. Nucle-
ic Acid Isolation Kit; Invitrogen, Carls-
bad, CA, USA) of positive recombi-
nants in the afternooon yielding DNA
that is ready for sequencing, transfec-
tion, in vitro transcription/translation,
PCR, restriction mapping, ligation, or
transformation.
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Site-directed mutagenesis (SDM) is
used to introduce a defined mutation
into a target DNA of known sequence
to study gene expression and protein
structure/function relationship. In the
past few years, numerous methods have
been developed for achieving SDM, in-
cluding several based on polymerase
chain reaction (PCR) amplification
(10). Among the PCR-based SDM
methods, two of them are particularly
appealing because they are simple and
efficient: (i) “overlap-extension” PCR
(5) and (ii) “megaprimer” PCR (6,13).

The overlap-extension PCR method
requires three PCR amplifications and
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1. Transformed Escherichia coli are spread on an LB agar dish with the appropri-
ate antibiotic and, after incubating overnight, individual colonies are picked
and used to inoculate 5 mL of LB plus antibiotic in numbered tubes, which are
then incubated at 37°C overnight with shaking at 250 rpm.

2. A 500-µL aliquot of overnight culture is transferred to a 1.5-mL microcentrifuge
tube, and the bacteria are pelleted by spinning 1 min in a microcentrifuge at
14 000× g.a

3. The LB is completely removed and discarded and the bacterial pellet resus-
pended in 19 µL H2O plus 1 µL 10 mg/mL RNase A by vigorous vortex mixing.

4. The plasmid DNA is liberated from the bacteria by boiling the tubes 1 min.

5. Bacterial debris is pelleted by spinning the tubes for 1 min in a microcen-
trifuge. 

6. Enough supernatant is then removed to a fresh 1.5-mL microcentrifuge tube
containing premixed restriction enzyme buffer and restriction enzymes (≤1 U
per reaction) to obtain a final total volume of 20 µL.

7. After a 1-h incubation, 5–10 µL of the restriction digests can be analyzed using
agarose gel electrophoresis.

8. Once recombinant plasmids containing the largest cDNA inserts are identified
from the agarose gels, the corresponding positive overnight LB cultures are
then retrieved and used for purifying plasmid DNAs using a standard miniprep
procedure or kit.

aThis amount of bacterial suspension was determined to be optimal for efficient
subsequent restriction enzyme digestion and visualization on an agarose gel.

Table 1. Microprep Procedure



four oligonucleotide primers, two of
which are mutagenic primers. A modi-
fied version of this method was devel-
oped and successfully implemented in
one previous study investigating allele-
specific oligonucleotides for cystic fi-
brosis gene therapy (3). Although a
one-step version of overlap-extension
PCR that reduced the entire procedure
to only one PCR amplification was re-
cently reported (14), four oligonu-
cleotide primers were still necessary. 

Alternatively, the megaprimer PCR
method is more cost-effective because
it entails the use of three oligonu-
cleotide primers for two rounds of PCR
amplification. In addition, only a single
mutagenic primer is required for a giv-
en SDM reaction. Two different ap-
proaches have been used in the devel-
opment of the numerous versions of the
megaprimer PCR method. In earlier
studies, a specific mutation is intro-
duced in the first PCR amplification,
using the forward external primer and
the internal mutagenic primer. The re-
sultant mutant PCR product then be-

comes a primer (megaprimer), which in
conjunction with the reverse external
primer, primes a second round of PCR
to amplify a longer region of the same
template (2,6,13). The purification of
megaprimer from the residual primers
of the first-round PCR amplification
seemed to increase the efficiency of the
technique from 10%–30% (6) to 100%
(2) and avoided amplification of wild-
type sequences. In the second mega-
primer approach, the megaprimer is
used for an initial extension step in the
second-round PCR amplification, rather
than as a primer. The extended mega-
primer is subsequently amplified with
the two flanking external primers (1,4).
The work of Herlitze and Koenen (4)
showed that an excess of purified ex-
tended megaprimer, compared to the
template DNA, is a critical factor for
the efficiency of SDM. Using a 10-fold
to 20-fold excess of the purified mega-
primer for an initial elongation step,
they showed an overall efficiency of
mutagenesis of at least 50%. Although
several protocols have been developed
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Figure 1. Schematic illustration of the mutagenesis method. The first PCR (PCR 1) is performed us-
ing external forward (A) and mutagenic reverse (M) primers to amplify a mutagenic fragment. The sec-
ond PCR (PCR 2) is performed using external forward (A) and external reverse (B) primers. During the
first cycle(s) of PCR 2, the megaprimer product formed in the first PCR is extended with DNA poly-
merase. In the subsequent cycles of PCR 2, due to the large excess of mutant amplification products, the
mutant fragment is preferentially amplified with respect to the original wild-type sequence.
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to circumvent the purification step of
the first PCR product from residual
primers, some of the PCR parameters
still require optimization (9,11,12). 

This report describes an additional
simplification of the megaprimer ap-
proach based on a dilution of the prod-
ucts from the first round of PCR and its
use as a template for the second-round
amplification. Figure 1 depicts our
method, which  did not require purifica-
tion of the intermediate PCR product. In
the first PCR amplification, a wild-type
sequence was mutated with a nonmutat-
ing forward primer (A) and a mutagenic
internal primer (M). The desired muta-
tion(s) give rise to a new restriction en-
zyme cleavage site and/or a functional
mutation in the amplified product. Then
a diluted aliquot of this first amplifica-
tion was used in a second round of PCR
with the external forward and reverse
primers (A and B, respectively). During
the first cycle, the mutated fragment is
extended with DNA polymerase using
the wild-type sequence as the template.
In the subsequent cycles, due to the
large excess of mutant fragment with
respect to the original wild-type se-
quence, the mutagenic sequences will
be preferentially amplified with both
primers A and B. Ultimately, this results

in a relatively high frequency of mutat-
ed fragment compared to the original
wild-type sequence (>60%).

This SDM strategy was used with
cDNAs encoding for both the normal
and mutant cystic fibrosis transmem-
brane conductance regulator (CFTR)
gene. A 4.7-kb cDNA of wild-type (N)
and mutant (∆F508) CFTR was cloned
into separate pREP eukaryotic episomal
expression vectors (Invitrogen, Carls-
bad, CA, USA) (pREP 4β-NCFTR and
pREP 4β-∆F508CFTR, respectively) in
a fashion similar to that described pre-
viously (Reference 8 and K.K. Goncz,
K. Kunzelmann and D.C. Gruenert, un-
published data). The external forward
primer (A = CF9A) 5′-GGTGATGAC-
AGCCTCTTCTTCAG-3′ starts at nu-
cleotide (nt) 61 of exon 9, while the ex-
ternal reverse primer (B = CF11B)
5′-GTGATTCCACCTTCTCCAAGA-
AC-3′ starts at nt 57 of exon 11. The
mutagenic primer (M = CF10XB) 5′-
TACCCTCTGAAGGCTCGAGTTCT-
C-3′ used in this study starts at nt 49 of
exon 10 and contains a silent mutation
(G→C at nt 33 in exon 10) that gives
rise to an XhoI restriction enzyme cut
site. PCR amplifications were per-
formed in a GeneAmp PCR System
9600 (PE Biosystems, Foster City, CA,

USA). The primary amplifications were
carried out in a total volume of 20 µL
containing 250 µM dNTPs, 1 ng of
template plasmid (pREP 4β-NCFTR or
pREP4β-∆F508CFTR) DNA, 0.5 µM
each of the external forward and the in-
ternal mutagenic primers, 1 U cloned
Pfu DNA Polymerase (Stratagene, La
Jolla, CA, USA), in 1× Pfu reaction
buffer [10 mM KCl, 10 mM
(NH4)2SO4, 20 mM Tris-HCl, pH 8.75,
20 mM MgSO4, 1% Triton X-100,
1000 µg/mL bovine serum albumin
(BSA)]. The PCR mixture was held at
94°C for 3 min and then cycled 25
times at 94°C for 20 s, 58°C for 20 s
and 72°C for 1 min followed by 5 min
at 72°C in the final cycle. After deter-
mining the size (172 bp) and purity of
the intermediate PCR products from the
primary amplification on a 2% agarose
gel (Figure 2A), 2 µL of each PCR mix-
ture were diluted (1:25 and 1:50) and
used in a secondary PCR amplification.
The amplification was performed as de-
scribed above, except that the reverse
external primer was substituted for the
internal mutagenic primer, and no addi-
tional template DNA was added. The
amplified products (371 bp) (Figure
2A) were ethanol-precipitated and
cloned into pCR-Script Amp SK(+)
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Figure 2. Application of the mutagenesis method. (A) Analysis of the PCR products: a 5-µL aliquot of
each PCR product was analyzed on 1.8% agarose gel. Lane M, 123-bp DNA marker. Lanes 1 and 2, PCR
1 products (172 bp) from plasmid pREP 4β-NCFTR and pREP4β-∆F508CFTR, respectively. Lanes 3
and 4, PCR 2 products (371 bp) using dilutions of 1:25 and 1:50 of the PCR 1 product (pREP 4β-
NCFTR). Lanes 5 and 6, PCR 2 products (371 bp) with dilutions of 1:25 and 1:50 of the PCR 1 product
(pREP4β-∆F508CFTR). (B) XhoI digestion of 18 randomly chosen recombinant plasmids. Lane M, λ
HindIII DNA marker. Lanes 1–9, recombinant plasmids from pREP 4β-NCFTR mutagenesis experi-
ment. Lanes 10–18, recombinant plasmids from pREP 4β-∆F508CFTR mutagenesis experiment. Lane
m, 123-bp DNA marker. Mutant plasmids carry two XhoI sites and yield 214- and 3100-bp fragments
(lanes 1–3,5,7,9–11,13 and 15–17). Nonmutant plasmids carry one XhoI site (lanes 4, 6, 8, 12, 14 and 18).

Figure 3. First-round PCR product dilution
effect on the second round of PCR amplifica-
tion. Lane M, 123-bp DNA marker. Lanes 1 and
2, second-round PCR products (371 bp) generat-
ed using 2 and 1 µL, respectively, of the undilut-
ed first-round PCR product (pREP 4β-NCFTR).
Lanes 3 and 4, second-round PCR products (371
bp) generated using 1:25 and 1:50 dilutions of the
first-round PCR product (pREP 4β-NCFTR). The
172-bp band represents residual detectable mega-
primercarried over from the first-round PCR.



vector (Stratagene), according to manu-
facturer’s instructions. The ligation
products were transformed into Esche-
ricia Coli XL1-Blue MRF′ Kan Super-
competent cells (Stratagene), and 50 µL
of transformation mixture were spread
on LB plates supplemented with ampi-
cillin (100 µg/mL), tetracycline (12.5
µg/mL), isopropyl-β-D-thiogalactopy-
ranoside (IPTG) (40 µg/mL) and 5-
bromo-4-chloro-3-indolyl-β-D-galacto-
pyranoside (X-gal) (40 µg/mL). Nine
white colonies were isolated from each
transformation and selected for amplifi-
cation in LB/ampicillin. Plasmids were
extracted using the Wizard Plus SV
Miniprep Kit (Promega, Madison, WI,
USA), and 400 ng were subjected to en-
zymatic digestion using XhoI to con-
firm the proper insertion of the muta-
tion. In both experiments, 6 of 9 clones
contained the desired mutation (Figure
2B). Then, three recombinant clones
from each experiment were sequenced
with M13 universal primers. No addi-
tional mutations were detected (data not
shown).

This two-step PCR method was sim-
ple, rapid and has a relatively high effi-
ciency. Also, there were no particularly
critical parameters required for this
protocol. PCR amplifications were car-
ried out with AmpliTaq DNA Poly-
merase (PE Biosystems) and Pfu DNA
polymerase and showed similar results
(data not shown). The mutagenic pri-
mer was designed according to Kuipers
et al. (7) such that its 5′ end immediate-
ly follows a T residue in the same
strand. While the nontemplate addition
of a 3′ dA residue facilitates the TA-
based cloning of the amplified frag-
ment, the addition of an out-of-se-
quence dA effectively introduces
another mutation into the PCR product
and undermines extension of the
megaprimer in the initial cycle(s) of the
secondary amplification, because of a
mismatch between the 3′ end of the
megaprimer and the template. Al-
though the use of Pfu DNA polymerase
is preferred because of its higher fideli-
ty, this method is not limited to a partic-
ular DNA polymerase, unlike other
strategies (11). 

The SDM strategy presented here
relies on the fact that a dilution of the
first PCR amplification product (used
as a template in the second round of

PCR amplification) can improve the
yield of the desired mutant clones rela-
tive to those carrying unaltered parental
sequences. Using our experimental
conditions, 3.2–1.6 ng of mutated prod-
uct and 4–2 pg of wild-type plasmid
DNA are present in the second PCR
amplification mixture when a 2-µL
aliquot of a 1:25 or a 1:50 dilution of
the first-round PCR amplification were
used, respectively. Under these condi-
tions, the mutated amplification prod-
uct is approximately 800-fold in excess
of the wild-type plasmid DNA and,
thus, preferred by the DNA poly-
merase. The dilution of the first-round
PCR product was necessary to avoid
spurious amplification products. When
1 or 2 µL of the undiluted first-round
PCR product were used as the template,
nonspecific amplification products
were observed after the second-round
PCR amplification (Figure 3).

The rapidity, simplicity and repro-
ducibility of the method outweighs any
potential inconvenience in the genera-
tion of a specific number of nonmutat-
ed PCR amplification products. An
awareness of this modification should
facilitate SDM strategies overall.
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