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Mutagenesis 

and 
Recombination 

by PCR 

Abbe N. Valleio , 
Robert J. Pogulis, 

and Larry R. Pease 

Department of Immunology, Mayo 
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Since its description, PCR (1) has become a fundamental analytical tool in 
cellular and molecular biology. The literature is replete with the use of this 
technique in the identification of new genes or members of gene families, 
even those from distantly related species. PCR permitted the introduction of 
mutations into DNA sequences (z) to allow assessment of the biological func- 
tion of genes. PCR can also be used to simplify site-directed mutagenesis and 
to generate recombinant or chimeric gene constructs. (3'4) Mutagenesis by PCR 
is accomplished by incorporating the desired genetic changes in custom- 
made primers used in amplification reactions. Because these mutagenizing 
primers have terminal complimentarity, two separate DNA fragments ampli- 
fied from a target gene may be fused into a single product (see below) by 
primer extension without relying on restriction endonuclease sites or ligation 
reactions. 

The relative ease of rapidly combining two DNA fragments by overlap 
extension led to its application in the production of chimeric genes. As long 
as pairs of primers used in amplification reactions have complementary ter- 
minal regions, overlapping strands of PCR-amplified DNA fragments from 
various sources may be spliced together by the extension of overlapping 
strands (hence, the term splicing by overlap _extension or gene SOEing) in a 
subsequent reaction. The ability to generate genetic recombinants by SOEing 
is limited only by the knowledge of the mechanisms of folding and/or as- 
sembly of the encoded novel protein when transfected into cells. SOE has 
been used routinely to generate mutant  molecules, complex hybrid genes, 
engineer proteins, and to create mutant  libraries. (s-is) 

THE CONCEPT OF OVERLAP EXTENSION 
Overlap extension uses PCR both for introducing site-specific mutations and 
for generating recombinant gene constructs. Details of the strategy have been 
described previously.(3'4) Briefly, mutagenesis is achieved by PCR with the use 
of specially designed oligonucleotide primers that include in their sequence 
the desired changes (i.e., substitutions, insertions, or deletions) to be incor- 
porated in the gene construct (Fig. 1). Because the mutagenizing primers also 
have terminal complementarity, two overlapping fragments can be fused 
together in a subsequent extension reaction. Inclusion of outside primers in 
the extension reaction amplifies the fused product by PCR. In principle, the 
position of the primers may be moved anywhere along the targeted gene to 
introduce mutations. Thus, the region of the gene containing the introduced 
mutations may be lengthened in a single reaction. 

The ability to fuse two DNA fragments by overlap extension can be ex- 
ploited further to splice (or SOE together) two or more DNA fragments from 
different genes to generate a chimeric product. Like the mutagenizing prim- 
ers, SOEing primers have terminal complementarity; thus DNA fragments 
generated by PCR can be spliced together by primer extension and amplified 
to yield a recombinant product (Fig. 2). 

A limitation of the SOE technique, however, is the difficulty of m a n i p u -  
lating large DNA segments, that is, those > 1-2 kb. To circumvent this diffi- 
culty, a cassette system may be developed wherein shorter DNA segments, 
typically -500--1000 bp, can be easily targeted, modified by SOE, and rein- 
serted using restriction endonuclease sites designed into the cassette struc- 
ture. (4's) Thus, specific segments of genes can be manipulated at will. This 
cassette approach also allows for the easy shuffling or replacements of gene 
segments. Such a cassette system has been a very valuable tool in dissecting 
the structure-function relationship of class I major histocompatibility com- 
plex (MHC) molecules. (4-1~ 
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FIGURE 1 Mutagenesis by overlap extension. Two segments of a gene are amplified by PCR 
independently and then fused together in a subsequent reaction. Mutations are introduced into 
a targeted region with the use of specially designed mutagenizing primers (b,c) which contain 
nucleotide mismatches (O) in the center of the primers. Because these primers are complemen- 
tary, strands of PCR products generated independently with these primers will have an overlap 
that can be extended in a subsequent reaction to form the mutant product. When outside 
primers (a,d) are added to this latter reaction, the fused mutant product is amplified as soon as 
it is formed. 

DESIGN OF OLIGONUCLEOTIDE PRIMERS 
SOEing oligomers have two sequence regions, namely, a pr iming region and 
an overlap region. The priming region is the 3' end of the oligomer, which 
serves as the PCR primer, while the overlap region is the 5' end of the oligo- 
mer, which is complimentary to a sequence of a DNA fragment that  will be 
fused with it in the overlap extension reaction. As depicted in Figure 2, primer 
x contains a priming sequence for the amplification of gene 1 and also has an 
overlap sequence at its 5' end that  is complimentary to a segment  of gene 2. 

Mutagenizing oligomers can have their pr iming and overlap regions com- 
pletely coinciding with each other. The center of the oligomers contain the 
mismatches or deletions that  will be incorporated by overlap extension (Fig. 
1). 

In designing the oligomers, actual lengths of the pr iming and overlap 
regions may depend on the particular situation. One approach is to deter- 
mine  the length by a simple estimate of the melt ing temperature,  (16'17) which 
is calculated as follows: Tm= [(G+C)•  + [(A+T)• This quant i ty  is an 
estimate of the denaturat ion temperature (in ~ of the oligomer. As a rule of 
thumb,  our oligomers are designed such that  both their pr iming and overlap 
regions have Tm -50~ This 50~ rule generally gives a length estimate of 
13-20 bp for both the priming and the overlap regions of the oligomers. The 
mismatches incorporated in mutagenizing oligomers are no t  included in this 
estimation. 

It must  be emphasized, however, that  melt ing temperature  does not  esti- 
mate accurately the anneal ing temperature of any specific oligomer because 
it does not  take into consideration the concentrat ion of salts present in the 
cycling reaction. Nevertheless, our 50~ T m rule has usually yielded reliable 
oligomers that  anneal  at this temperature. 

The usual rules in designing PCR primers apply when  synthesizing SOEing 
and mutagenizing primers. (16'~8) Oligomer sequences must  always be checked 
for their potential to form secondary structures and for complementar i ty  to 
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FIGURE 2 Gene SOEing. The reaction involved in SOEing is similar to that depicted in Fig. 1, with 
two exceptions: (1) The PCR products to be fused are derived from two different genes; and (2) 
the fusion is mediated by an overlap of the two strands of PCR products that were created with 
the use of SOEing primers (x,y). In this case, the 5' region of primer x, used in the amplification 
of gene 1, is complimentary to a segment of gene 2 (i.e., 5' region of primer y). A recombinant 
product is therefore formed when this overlap is extended in a subsequent reaction, and this 
recombined product may be amplified with the inclusion of outside primers (w,z) in this latter 
extension reaction. 

primers in the same reaction. Proper pr iming  is achieved when  at least the 
five bases of the 3 ' - terminal  end of the pr imer  are complemen ta ry  to the 
template.  In t roducing mismatches  too close to the 3' end of the pr imer  could 
result in the lack of amplification. 

PROCEDURES 
Materials and Reagents 

1. Thermal  cycling (PCR) machine .  
2. Taq DNA polymerase (Perkin-Elmer Cetus, Norwalk, CT). 
3. lOx PCR buffer conta in ing 100 mM Tris (pH 8.3), 500 mM KC1, and 10 

mM MgC12 (see Note 4, below, for de te rmin ing  appropriate concent ra t ion  of 
Mg2+). 

4. 10xdNTPs: Prepare a 2 mM stock ( lOx)  solut ion of each of the dNTPs. 
It is impor tan t  to men t ion  that  the pH of the solut ion mus t  be adjusted to 7.5, 
otherwise polymerase activity will be inhibited.  This pH ad jus tment  is not  
necessary when  using commercia l ly  available dNTP solutions (Pharmacia  
LKB, Uppsala, Sweden) that  are ready made  as aqueous stocks with the correct 
pH. 

5. Mineral  oil (Sigma, St. Louis, MO). 
6. Sterile water (Baxter, Deerfield, IL). 
7. Amplif ication tubes: Microcentrifuge tubes that  fit into the heat ing  

block of the PCR machine  (refer to the manufac turer ' s  instructions).  
8. Agarose: The concentra t ion of agarose needed to resolve DNA fragments  

depends on  the f ragment  size to be isolated. In our experience, 0 .8-1% aga- 
rose is generally satisfactory in resolving DNA fragments  f rom 100 bp to 2 kb. 
Greater resolution also may  be achieved by mixing  ultragrade agaroses like 
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NuSieve with the less expensive "working" agaroses like LE or SeaKem aga- 
rose (FMC BioProducts, Rockland, ME). 

9. Agarose gel electrophoresis units and supplies. 
10. GeneClean or Mermaid Kits (Biol01 Inc., LaJolla, CA) or electroelution 

apparatus (see Note 5, below). 

Protocol 1: PCR Mutagenesis by Overlap Extension 

1. Set up the PCR reactions to produce products AB and CB (refer to Fig. 1) 
in individual microcentrifuge tubes. 

Reaction no. 1 2 

PCR product AB CD 
Template parental template parental  template 
5' primer a c* 
3' primer b* d 
10• PCR buffer 10 i~1 10 ~1 
10• dNTPs 10 !~1 10 izl 
Taq polymerase 2.5 units 2.5 units  
Sterile water to 100 ~1 to 100 ~1 

(*) Mutagenizing primers. 

2. Overlay the PCR mixture with 2-3 drops of mineral  oil. 
3. Cycle for 15-25 rounds (30 sec at 94~ 2 rain at 50~ 1 min  at 72~ 
4. Run the entire reactions on agarose gels. 
5. Cut out the bands of interest (i.e., products AB and CD), and recover the 

DNA fragments by GeneClean, Mermaid, electroelution, or the freeze- 
squeeze technique (see Note 5, below). 

6. Set up the overlap extension reaction in a new microcentrifuge tube. 

Product AD 

Template 1 AB 
Template 2 CD 
5' primer a 
3' primer d 
lOx PCR buffer 10 i~l 
lOx dNTPs 10 I~l 
Taq polymerase 2.5 units 
Sterile water to 100 l~l 

This reaction is not very sensitive to the amounts of templates added. Typically, 10-100 ng of 
each template may be used. Primers a and d may also be added from the beginning of this PCR 
reaction. Alternatively, three to five cycles of extension can be carried out first to allow for the 
formation of the mutant product AD followed by amplification upon addition of the primers. 

7. Overlay reaction mixture with mineral  oil and amplify by PCR as in 3, 
above. 

8. Run reaction on agarose gels, cut out the band of interest (i.e., product  
AD), and recover DNA fragment as in 5, above. 

9. The purified mutan t  product AD may then  be digested with the appro- 
priate restriction enzymes and ligated to an appropriate c loning vector for 
subsequent  transformation and sequencing (see Note 6, below). 

Pro toco l  2: Gene SOEing 

1. Set up PCR reactions in individual microcentrifuge tubes to generate 
products WX and YZ from genes 1 and 2, respectively (Fig. 2). 
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Reaction no. 1 2 

PCR product WX YZ 
Template gene 1 gene 2 
5' primer w y* 
3' primer x* z 
10• PCR buffer 10 ~l 10 ~l 
10• dNTPs 10 ~l 10 ~l 
Taq polymerase 2.5 units 2.5 units 
Sterile water to 100 ~l to 100 ~l 

(*) SOEing primers. 

2. Overlay the reaction with 2-3 drops of mineral oil. 
3. Cycle for 15-25 rounds (30 sec at 94~ 2 min at 50~ I min at 72~ 
4. Run the entire reactions on agarose gels. 
5. Cut out the bands of interest (i.e., products WX and YZ), and recover the 

DNA fragments by GeneClean, Mermaid, electroelution, or the freeze- 
squeeze technique (see Note 5, below). 

6. Set up the SOEing reaction in a new microcentrifuge tube. 

Product WZ 

Template 1 WX 
Template 2 YZ 
5' primer w 
3' primer z 
10x PCR buffer 10 ~l 
lOx dNTPs 10 ~l 
Taq polymerase 2.5 units 
Sterile water to 100 ~l 

7. Overlay reaction mixture with mineral oil and PCR amplify as in 3, 
above. 

8. Run the entire reaction on agarose gels, cut out the band of interest (i.e., 
product WZ), and recover DNA fragment as in 5, above. 

9. The purified recombinant product WZ may then be digested with the 
appropriate restriction enzyme and ligated to an appropriate cloning vector 
for subsequent transformation and sequencing (see Note 6, below). 

NOTES/COMMENTS 

1. Oligonucleotide Purification 
Oligomers used in this laboratory are synthesized using an Applied BioSys- 
terns DNA Synthesizer (Foster City, CA) in our institutional core facility, and 
the final material comes as an aqueous ammonia solution. The solution is 
dried under vacuum (SpeedVac SC100, Savant, Inc., Farmingdale, NY). The 
residue is resuspended in 1 ml of sterile water and desalted in Sephadex G-25 
(NAP-IO columns, Pharmacia LKB Biotech, Uppsala, Sweden). Fractions of 500 
~l are collected, and the absorbance of each fraction is determined at 260 nm. 
The fractions containing the first peak are pooled (typically fractions 3-5 
from NAP-IO columns), and absorbance is measured at 260 and 300 nm. The 
concentration of the purified oligomer is determined by the following for- 
mula: ~g/ml = (A26 o -  A3oo) xdilution factorx33, where the number 33 is the 
approximate concentration of oligonucleotides (~g/ml) per unit of absor- 
bance at 260 nm. (19) Concentration of the stock oligomer may also be ex- 
pressed in molar terms as follows: ~M=([(A26o-3oo)Xdilution fac- 
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tor] +e260)x 106, where e260, the extinction coefficient, equals the number of 
bases times 10,000. The purified oligomer is aliquoted into smaller quantities 
and stored at -20~ 

2. Primer Concentration 
In a standard reaction of 100 t~l, we find that 100 pmoles of each primer is 
optimal. This gives a final concentration of 1 pmole/l~l (or 1 I~M). It is rec- 
ommended, however, that the amounts of primers be determined empiri- 
cally. The important point to consider is that large amounts of primers in- 
crease amplification errors caused by mispriming. 

3. Template Concentration 
In theory, larger amounts of template reduce the number of cycles required 
to generate enough product and, therefore, lessen the chance of Taq poly- 
merase-induced base misincorporations. However, high concentrations of 
template tend to impede successful amplification, and fewer rounds of am- 
plification produce more open-ended strands (i.e., single-stranded products 
that extend beyond the length of the primer) that contribute to the back- 
ground. Thus, it is necessary to titrate the amount of template to determine 
the optimal concentration. We generally find that 500 ng of cloned template 
or as much as 1-2 I~g of genomic DNA yield the PCR products of interest 
without significant background amplification. 

4. Magnesium Concentration 
Perhaps the single most important parameter for PCR is the amount of Mg 2+ 
present in the amplification reaction. High concentrations of Mg 2+ generally 
produce background amplification and increase Taq-induced errors that can 
be reduced by lowering the amount of Mg 2§ in the reaction. Therefore, the 
optimal concentration of Mg 2+ must be first determined. Experimental pro- 
tocols involving PCR begin with ascertaining optimal amplification condi- 
tions. Stocks of 10• PCR buffers are prepared containing various concentra- 
tions of MgC12, which, when used at 1• concentration, give a final 
concentration of 0.5-2.5 mM of Mg 2§ In most of our PCR experiments, we 
find that 1 mM Mg 2+ is optimal. 

S. Purification of PCR and $OEing Products 
Agarose gel purification of the intermediate PCR products leads to cleaner 
SOE reactions. (3) This purification step removes templates as well as open- 
ended strands that could potentially generate unwanted products. Similarly, 
gel purification of SOE products ensures cleaner fragments for subsequent 
cloning. 

Depending on the size of the DNA fragments, amplification products may 
be purified by either GeneClean or Mermaid kits (Biol01 Inc., La Jolla, CA). 
The latter is specifically designed for the purification of products ~200 bp. 
Alternatively, purification may also be achieved by electroelution (10) or by a 
modification of the freeze-squeeze technique. (2~ 

To purify DNA by the freeze-squeeze method, the band of DNA fragment 
of interest is excised from an agarose gel, macerated, transferred to a micro- 
centrifuge tube, and frozen at -70~ for 1 hr (or overnight at -20~ The 
frozen gel is thawed at 37~ for I hr, transferred to an Ultrafree-MC filter unit  
(Millipore, Bedford, MA) or a Spin-X filter unit (Costar, Cambridge, MA), and 
centrifuged at 14,000 rpm for 20 min at room temperature. The filtrate is 
collected and subjected to two rounds of ethanol precipitation. (19) 
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6. Cloning and Sequencing of SOEing Products 
M u t a n t  a n d / o r  r e c o m b i n a n t  genes  g e n e r a t e d  by  SOE m u s t  a lways  be  c l o n e d  
a n d  s e q u e n c e d  to d e t e r m i n e  a c c u r a c y  o f  t he  i n t r o d u c e d  gene t i c  c h a n g e s  as 
wel l  as to a sce r t a in  t h a t  t he re  h a v e  b e e n  n o  a m p l i f i c a t i o n  errors .  W e  r o u t i n e l y  
s e q u e n c e  DNA u s i n g  t h e  S e q u e n a s e  kit  (U.S. B iochemica l ,  C leve l and ,  O H )  or  
b y  a n  a u t o m a t e d  s e q u e n c e r  (Appl ied BioSys tems  S e q u e n c e r  m o d e l  373A, Per- 

k i n - E l m e r  Cetus,  Norwa lk ,  CT). 
C l o n i n g  of  t h e  PCR-gene ra t ed  genes  c o u l d  be  fac i l i t a ted  b y  d e s i g n i n g  a m -  

p l i f i ca t i on  p r i m e r s  (i.e., a-b  a n d  w-z p r i m e r  pairs  in Figs. 1 a n d  2, respec t ive ly)  
w i t h  u n i q u e  f l a n k i n g  r e s t r i c t ion  e n z y m e  sites (detai ls  of  t he  s t r a t egy  are dis- 
cussed  e l sewhere ) .  (21) The  p r o d u c t  of  t h e  t h i r d  PCR r e a c t i o n  ( m u t a n t  AD or  
r e c o m b i n a n t  WZ) m a y  t h e n  be  d iges ted  w i t h  t he se  e n z y m e s  a n d  c l o n e d  in to  
a su i t ab le  v e c t o r  or  e x c h a n g e d  w i t h  t h e  a p p r o p r i a t e  f r a g m e n t  of  a p l a s m i d  
casset te .  (4,5) 
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