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PCR-Mediated Recombination
and Mutagenesis

SOEing Together Tailor-Made Genes

Robert M. Horton

directed mutagenesis.

Abstract

Gene Splicing by Overlap Extension (gene SOEing) is a sequence-independent method for site-directed
mutagenesis and/or recombination of DNA molecules. It is based on the idea that a PCR product can be
engineered by adding or changing sequences at its ends so that the product can itself be used to prime DNA
synthesis in a subsequent overlap-extension reaction to create mutant or recombinant molecules. As the

~ engineered genes are created in. vitro without reliance on host organisms or restriction sites, gene SOEing
provides a powerful and versatile tool for genetic investigation and engineering.

Index Entries: Polymerase chain reaction; overlap extension; recombinant PCR; gene SOEing; site-

1. Introduction

Gene Splicing by Overlap Extension (gene
SOEing) provides a powerful method of recom-
bining sequences without depending on restriction
sites or ligase, and a simple, generally applicable
way of using polymerase chain reaction (PCR) to
perform site-directed mutagenesis in vitro. This
technique allows even those with minimal molec-
ular biology expertise to generate quickly genetic
constructs that might otherwise have been imprac-
tical using only the older (restriction enzyme-
based) technology.

This method is made possible by the fact that
the ends of a PCR-generated DNA fragment can
incorporate new, custom-designed sequences
that were not present in the original template.
The primers must match their template sequence
well enough to prime, but they do not have to
match exactly, especially toward the 5' end.
Any mismatches will be incorporated into the
product, and will represent changes in the origi-
nal sequence. This idea, originally called “mis-

priming” by Mullis et al. (1,2), provides a
simple way to perform site-directed mutagen-
esis (3,4). However, simple mispriming is a
limited way of creating site-directed mutants
because the changes can only be made at the
ends of a PCR product.

Overlap extension was originally devised as a
way of introducing mutations in the center of
PCR-generated sequence segments in order to
make PCR mutagenesis more universally applica-
ble (5,6). The concept is illustrated in Fig. 1. First,
two separate fragments are amplified from the tar-
get gene. The first is amplified with primers a and
b (product AB): Primer b introduces a sequence
change at the right end of product AB. The sec-
ond fragment (product CD) is amplified with
primers ¢ and d, with primer ¢ introducing the
same mutation, but into the left end of product
CD. These two products now share a segment of
identical sequence called the overlap region.
When these intermediate products are mixed
together, melted, and reannealed, the top strand
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Fig. 1. Mutagenesis by overlap extension. The seg-
ment of the “wild type” gene to be mutated is shown as
straight lines with the flanking regions coiling away
on both sides ad infinitum. Synthetic oligonucleotide
primers are named with lower case letters. The PCR
product made with two primers is named by capital
letters of the primers used to make it; for example,
primers a and b make product AB. PCR products are
shown as two paired strands, with half arrowheads
indicating the direction in which each strand can act as
a primer for DNA polymerase (the 5'-3' direction). The
mutagenic primers, b and ¢, are complementary to one
another, with the mutation shown as a black rectangle.
When these intermediate PCR products are mixed,
denatured, and reannealed, the top strand of AB and
the bottom strand of CD can pair with this overlap
at their 3' ends, and act as primers on one another to
make the mutant product. The other strands, with
the overlap at their 5' ends, cannot prime, and are
not shown.

of AB can anneal to the bottom strand of CD in
such a way that the two strands act as primers on
one another. Extension of this overlap by DNA
polymerase creates the full-length mutant mol-
ecule AD, which has the mutation at an arbitrary
distance from either end.

In the final overlap extension step, two sepa-
rate PCR-generated sequences (AB and CD) are
joined together. If AB and CD are made from dif-
ferent genes, then product AD is a recombinant
molecule (7,8). Figure 2 illustrates the concept of
PCR-mediated recombination, or gene SOEing.
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Fig. 2. Gene splicing by overlap extension (SOE-
ing). Here, products AB and CD are derived by two
different genes. SOEing primer b has sequences added
to its 5' end such that the right end of AB is made
complementary to the left end of CD. This allows
their sequences to be joined by overlap extension,
or “SOEn” together.

Here, extra sequence is added to the §' end of
primer b, which results in a short segment of gene
IT being added to the right-hand end of the PCR
product amplified from gene I (product AB). This
causes the two intermediate products to have an
overlap region of common sequence, so that they
can be joined together by overlap extension. The
two strands having the overlap at their 3' ends (the
“productive” strands, shown in the boxes in Figs.
1 and 2) each act as both a primer and a template
to produce a giant “primer dimer,” which is the
recombinant molecule.

When should you use gene SOEing? For
site-directed mutagenesis, overlap extension is
simple, and has advantages over other methods
in that

1. Recombination and mutagenesis can be per-
formed simultaneously (7);

2. Essentially all of the product molecules are
mutated (i.e., 100% mutation efficiency; 6); and

3. The product is produced in vitro (without
having to grow it up in a plasmid or phage) and
may be used directly in experiments (5,9).

Volume 3, 1995



PCR-Mediated Recombination and Mutagenesis

As a method of DNA recombination, gene
SOEing is tremendously useful in situations where
no leeway can be given to use nearby restriction
sites. Protein engineering projects provide excel-
lent examples (7,8,10,11). Two major drawbacks
of recombination by SOEing are the cost of the
primers and the potential for introducing random
errors with PCR (see Notes 3, 5, and 6). Therefore,
gene SOEing is most practical in “complicated”
constructions where there are no convenient
restriction sites.

2. Materials

1. Thermal cycling (“PCR”) machine.

2. Taq DNA polymerase.

3. 10X PCR buffer: 500 mM KCl, 100 mM Tris-
HC], pH 8.3.

4. 10 mM MgCl,,

5. dNTPs.

6. Primers (see Section 3.1. and Note 1).

7. DNA templates (see Note 2).

8. Agarose gel electrophoresis supplies and

equipment.

9. GeneClean (Biol01, La Jolla, CA), or your
favorite method for purifying DNA from
agarose gels.

3. Methods
3.1. Primer Design (see Note 3)

1. Unlike a regular PCR primer, a SOEing primer
(such as b in Fig. 2) has to include two sequence
regions capable of hybridizing to a template
well enough to act as primers. The first is the
priming region at the 3' end of the oligonucle-
otides which allows it to act as a PCR primer.
The second is the overlap region at the 5' end of
the oligonucleotide; this allows the strand of the
PCR product that is complementary to the oli-
gonucleotide to act as a primer in the overlap
extension reaction. As shown in Fig. 2, the
priming region of primer b contains a sequence
from gene 1, whereas the overlap region con-
tains a sequence from gene II which is comple-
mentary to primer c.

For examples, some primers from published
overlap extension projects (8) are shown in the
following (see Note 4):
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priming
| - region — | |-overlap region-|
3'-gggtcegggtgtgcttetgetgtaactecg-5t  (primer b)
5'-gaagacgacattgaggc-3' (primer c)
j-priming region-|

. In mutagenesis, there is only one template, so the

priming and overlap regions may completely coin-
cide (6). The mismatches are placed in the center
of the oligo so that both its 3' end and the 3' end
of the product made with it can act as primers.

. My colleagues and I have adopted the conven-

tion of designing both the priming and overlap
regions of SOEing primers to have an estimated
T, of around 50°C using the following for-
mula (12):

T=[(G+C)x4] +[(A+T)x2] (in°C)

Using SOEing primer b as an example, the
T,, for its overlap region is 52°C {[(3 + 6) x 4]
+ [(2 + 6) x 2]} and for its priming region is
46°C {[(8 + 2) x 4] + [(0 + 3) x 2]}. The mis-
matches in a mutagenic oligo do not count when
estimating T}, These T}, estimates, though crude,
are generally conservative approximations of the
annealing temperature needed for an oligo to
be used in PCR (e.g., a 50°C annealing step will
work with these primers). They lead to priming
and overlap regions being somewhere around
13-20 bases long, depending on the GC con-
tent. The “~50°C rule” has resulted in quite
reliable primers, but it does not represent a
systematic effort to determine the absolute
minimum lengths that SOEing primers can be
(see Note 5).

. The normal considerations in primer design

also apply, such as avoiding complementarity
between or within primers, and so forth.

. The flanking primers a and d should also be

capable of priming at 50°C, and may include
restriction sites at the ends to facilitate cloning
of the product.

. “Megaprimer” reactions. Modifications of the

gene-SOEing protocol make it possible to use
only one primer at the recombinant joint
(13,14). Rather than using the symmetrical
approach shown in Fig. 2, in which the recom-
bination event is formation of a giant primer-
dimer, the top strand of AB can be used as a
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3.2,

megaprimer in place of primer c directly on
template gene II to make the final product AD.
For recombination of two sufficiently different
genes, only the recombinant product can be
amplified using primers a and d, since each of
these primers will match one of the template
genes but not the other. Therefore, a and d can
be included in the reaction to drive the synthe-
sis of the productive strands, and to amplify the
product as soon as it forms (/3,15). For
megaprimer mutagenesis, however, primer a
cannot be included in the final reaction con-
taining primer d because a and d would sim-
ply amplify the wild-type sequence from the
template. This means that product AB must
be added in sufficient quantity to supply all
of the megaprimer strand necessary to gener-
ate AD (14).

PCR Generation of Intermediate

Products AB and CD (Fig. 2)

1.

Set up two separate PCRs as follows (see Note 6):

Ingredients PCR 1 PCR 2
10X buffer II 10 uL 10 pL
10 mM MgCl, ~15 puL ~15 uL
10X dNTPs 10 uL 10 pL
5' primer

(10 M) a, 10 pL c, 10 uL

3' primer
(10 uM) b, 10pL d, 10 uL.
template genel, ~0.5ug  genell, ~0.5 pg
H,0 to 100 uL to 100 pL.
Taq polymerase ~3U0 ~3U
Product AB CD
2. Amplify by PCR using the following cycle

profile:

20-25 main cycles  94°C, 1 min (denaturation)
50°C, 1 min (annealing)
72°C, 1 min (extension)

Purification of Intermediates

3.3.

L.

2.

(see Note 7)

Run the PCR products on an agarose gel to size-
purify them (see Note 8).

The method you use to extract the DNA from
the agarose also depends on the size of the piece
of DNA with which you are working. Purify
fragments larger that ~300 bp using Gene-
Clean. Be aware that GeneClean requires the
use of TAE (not TBE) electrophoresis buffer.
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3. Smaller fragments are not recovered efficiently

by this method, so you should use another pro-
cedure, such as electroelution. Cut a well in
front of the band, run the band into the well,
and recover the DNA in the well with a pipet
(this procedure is described in ref. 16).

. Recover the DNA from the buffer by ethanol

precipitation. Add 0.1 vol of 3M sodium acetate,
pH 5.2, 1 pL of yeast tRNA (10 mg/mL) as a
carrier, and 2.5 vol of cold 95% ethanol. Incu-
bate on dry ice for 15 min, and then spin at
approx 10,000g for 15 min.

3.4. Generation
of the Recombinant Product AD

1. Set up the overlap extension (SOE) reaction as

follows (see Note 9):

Ingredients

10X buffer II 10 uL
10 mM MgCl, ~15uL
10X dNTPs 10 uL
S' primer (10 uM) a, 10 uL
3' primer (10 pM) d, 10 uL
Intermediate 1 AB
Intermediate 2 CD
H,0 to 100 pL
polymerase ~3U

2. Amplify by PCR using the following cycle pro-

file (see Note 10):
20-25 main cycles 94°C, 1 min (denaturation)
50°C, 1 min (annealing)

72°C, 1 min (extension)

4. Notes

. Primer purification. The final step in oligo-

nucleotide synthesis by the phosphoramidite
method involves treatment in NH,OH. The
ammonium hydroxide should be evaporated off
using a SpeedVac (Savant, Farmingdale,
NY). (Please note that ammonia vapors are
extremely hard on vacuum pumps! Either
install an appropriate chemical trap in your
vacuum line or use a water-powered aspirator
instead.) Resuspend the dried primer in water
and desalt it over a Sephadex G25 column.
Prepacked columns are available for this pur-
pose (NAP-10 columns, Pharmacia LKB,
Uppsala, Sweden). No special buffer is needed:
Distilled water works fine. Extensive (and
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expensive!) primer purification schemes, such
as acrylamide gel electrophoresis or HPLC, are
not necessary. If you plan to purchase primers
commercially, they are available already desalted
for ~$2.25/base (Integrated DNA Technolo-
gies, Coralville, IA). There is no need to pay
more than this.

. The starting templates contain the gene
sequences that you want to recombine into a
tailor-made molecule. Any template suitable
for PCR, such as reverse-transcribed RNA, can
be used for gene SOEing (e.g., see ref. 10).
However, because high template concentra-
tions minimize the probability of the poly-
merase introducing errors into the sequences
(see Notes section), your starting templates will
probably be cloned genes in plasmids. My co-
workers and I have used both cesium chloride
and alkyline lysis-purified plasmids with equal
success (see ref. 16 for plasmid purification
protocols).

. The single simplest and most complete way to
mess up a SOEing reaction is to have mistakes
in the primer sequences (R.H., personal experi-
ence!). As PCR reactions go, amplifying an in-
sert from a plasmid that is present in microgram
amounts is like falling off the proverbial log. If
this reaction cannot be made to work after the
normal titrations of Mg?*, template, and so
forth, then something is drastically wrong, and
you should recheck the design of your primers.
Similarly, if products AB and CD, when mixed
together in near-microgram amounts in a SOE
reaction, completely fail to produce a recombi-
nant product, the sequences of the primers in
the overlap region should be immediately sus-
pect. Writing out the sequence of the desired
product and making sure that the SOEing prim-
ers each match one strand of the desired prod-
uct at the recombination point is helpful.

. The overlap region does not all have to be
added to one primer. If, for example, instead of
adding a 17-bp overlap region to primer b we
had added 9 bases complementary to primer ¢
to the 5' end of b and 8 bases complementary to
b to the 5' end of c, the overlap between AB
and CD would still have been 17 bp (see ref. 7).
This approach avoids using very long primers.
However, since making a 40- or 50-mer is now
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routine, there is usually no need to split the
overlap region.

. The optimal length to design the overlap region

has not been settled. Regions as long as 164 bp
(15) or as short as 12 bp (17) have been
reported. Although the “50°C rule” reliably
produces overlaps that are long enough to
work, it does not indicate the minimum work-
able length. For example, the 12-bp-long over-
lap region reported in ref. 7 has an estimated
T, of 34°C, although it was used at an anneal-
ing temperature of 50°C. On theoretical
grounds, however, merely producing the
recombinant molecule is not the only consider-
ation to bear in mind. A very short overlap
region might lead to an inefficient SOEing
reaction, requiring the final product to be
amplified through more rounds of PCR. This in
turn may increase the error frequency.

. Errors introduced by polymerase. Studies

have demonstrated that Tag polymerase is
capable of high fidelity DNA synthesis under
PCR conditions (18). Clones produced by a
single round of overlap extension have error
frequencies of around 1 in 4000 bases (6),
whereas more complicated constructs involv-
ing random SOEing reactions lead to slightly
higher frequencies (~1 in 1800; ref. 7).
Because of the possibility that random muta-
tions will be introduced by polymerase errors,
several precautions are in order. First, the
highest concentration of template plasmid
consistent with amplification should be em-
ployed (this will probably be around 500 ng
of plasmid in 100 pL). This minimizes the
number of rounds of replication required to
produce enough product with which to work,
and gives the polymerase fewer opportunities
to make errors. Since the reaction plateaus
after producing a certain amount of product, it
is probably not necessary to minimize the
number of heating/cooling cycles to which the
samples are subjected. Second, the lowest
concentration of magnesium compatible with
amplification should be used, as error rates
increase with increasing [Mg?*] (18). Finally,
for many applications, it is advisable to
sequence the final product to ensure that it is
free of errors. For this reason, a “cassette”
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approach, in which PCR manipulations are
performed on a small recombinant segment,
which is then ligated into a vector containing
the remaining portions of the construct, may
in some cases be preferable to SOEing directly
into a vector. Around 300-500 bp is a conven-
ient size for a cassette because it is large
enough to handle conveniently yet small
enough to sequence quickly. It should be
pointed out that other thermostable DNA
polymerases (i.e., Vent polymerase, New
England Biolabs, Beverly, MA) are reportedly
capable of significantly higher fidelity synthe-
sis than Taq, and can be used for overlap
extension (19).

Ho et al. (6) found that gel purification of the
intermediate products AB and CD led to a
cleaner reaction and increased product yield.
Purification of intermediates may be most
important when the initial template concen-
tration is high. Gel purification removes not
only the template plasmids, but also open-
ended primer extension products, which, com-
ing from the template, may be longer than the
PCR product. These open-ended products may
not be obvious on an ethidium-stained gel
because they are of indeterminate length and
possibly single-stranded, but they have the
potential to generate unwanted side products.
Nevertheless, other workers have successfully
used less extensive purification schemes (5) or
none at all (10,13).

The percent agarose you use depends on the
size of the products you are isolating; smaller
fragments need a higher percentage of agar-
ose. For up to 1% agarose, “regular” agarose
is fine, but for higher percentages, NuSieve
(FMC BioProducts, Rockland, ME) gives
better resolution. Please note that NuSieve is
used to supplement regular agarose: The first
1% agarose is the regular variety, and only
the additional percentage is NuSieve (up to a
total of 4%).

Using large quantities of the intermediates
should minimize polymerase errors (see Note
6). About 25% of what you recover from the
gel should be plenty if the PCRs worked well,
and this will leave you some extra in case you
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have to repeat it. The recombinant may now
be cloned, or otherwise used, like a normal
PCR product.

10. Related applications. Although the concept
is simple, overlap extension is a tremen-
dously powerful technology, and the reader is
encouraged to spend some time contemplat-
ing modifications and applications. A general
theoretical review of the subject is given in ref.
15. Some of the more important and thought-
provoking technical developments related to
synthetic uses of PCR are given in refs. 14,20-
22; see also Chapters 24, 26, 27, and 28 in ref-
erence 23.
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