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Mutagenic PCR 

R. Craig Cadwell 1 and 
Gerald F. Joyce 
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Research Institute, La Jolla, 
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PCR Methods and Applications 

Most practitioners of PCR prefer to carry out DNA amplification in an accu- 
rate manner ,  introducing as few base substitutions as possible. This is espe- 
cially critical when one is studying clonal isolates and must  distinguish nat- 
ural variation from artifactual variation that is introduced by polymerase 
error. Fortunately, thermostable DNA polymerases are available that  operate 
with high fidelity because of an intrinsic 3'--~ 5' exonuclease activity (for 
review, see ref. 1). Manipulation of PCR conditions can lead to further im- 
provement  of copying accuracy. 

Here, we consider the other side of the fidelity issue--those instances 
where promiscuity is a virtue. Oftentimes, in probing the structure or func- 
t ion of a protein or nucleic acid, one wishes to generate a library of mutants  
a n d  apply a screening method to isolate individuals that exhibit a particular 
property. For mutat ions over a short stretch of nucleotides within a cloned 
gene, it is appropriate to replace a portion of the gene with a synthetic DNA 
fragment that contains random or partially randomized nucleotides. (2-s) For 
mutat ions over a longer segment, up to the size of an entire gene, it may be 
preferable to scatter random mutat ions over the entire sequence, typically at 
a frequency of one or a few mutations per molecule. In such cases, it is most  
convenient  to introduce random mutat ions through inaccurate copying by a 
DNA polymerase, especially if the polymerase is a thermostable enzyme that 
c a n  operate in the context of the PCR. Each pass of the polymerase during the 
PCR allows for the possibility of mutat ion,  so that the cumulative error rate 
c a n  become substantial. 

The error rate of Taq polymerase is the highest of the known thermostable 
DNA polymerases, in the range of 0.1 x 10 -4 to 2 • 10 -4 per nucleotide per 
pass of the polymerase, depending on reaction conditions. (6--9) Over the 
course of the PCR, in which the polymerase makes an average of 20-25 
passes, the cumulative error rate is - 1 0  -3 per nucleotide. In most  cases this 
is insufficient to generate a diverse library of variant sequences, especially 
over a region shorter than 1000 nucleotides. A further drawback is that the 
errors made by Taq polymerase under standard PCR conditions are heavily 
biased toward A.T ~ G.C changes. ~6) We have devised a mutagenic PCR that 
has an overall error rate of - 7  x 10 -3 per nucleotide and does not exhibit 
substantial sequence bias. (1~ 

MUTAGENESIS PROCEDURE 
The top priority of mutagenic PCR is to introduce the various types of mu- 
tations in an unbiased fashion rather than to achieve a high overall level of 
amplification. The DNA input in a 100-1~1 reaction mixture consists of 101~ 
molecules (20 fmoles), which are amplified -1000-fold  to yield 1013 mole- 
cules (20 pmoles). This modest  amplification requires an average of 10 passes 
of the polymerase. However, 30 cycles of the PCR are carried out to ensure 
that mismatched termini have ample opportuni ty to become extended to 
produce complete copies. The large input  prevents the PCR products from 
being influenced by the effects of clonal expansion. Even if a muta t ion  occurs 
in the first pass of the polymerase and is passed along to all of the descendent 
molecules, there is very little chance that any two molecules isolated from the 
final populat ion will carry the same mutat ion as a consequence of their being 
derived from a c o m m o n  ancestor. 

Protocol 
The protocol for mutagenic PCR is derived from "s tandard"  PCR c o n d i -  
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tions: (11~ 1.5 mM MgCI2, 50 mM KC1, 10 mM Tris (pH 8.3 at 25~ 0.2 mM each 
dNTP, 0.3 ~M each primer, and 2.5 units of Taq polymerase in a 100-~1 
volume, incubated for 30 cycles of 94~ for 1 min,  45~ for 1 min,  and 72~ 
for 1 min  in a convent ional  thermal  cycler. The following changes are made  
to enhance  the muta t ion  rate: 

1. The MgCI2 concentra t ion is increased to 7 mM to stabilize noncomple -  
mentary  pairs. (8'9~ 

2. 0.5 mM MnClz is added to diminish the template specificity of the poly- 
merase.(lz,~3~ 

3. The concentra t ion of dCTP and TTP is increased to 1 mM tO promote  
misincorporat ion.  (1~ 

4. The amoun t  of Taq polymerase is increased to 5 units  to p romote  chain  
extension beyond positions of base mismatch.  (~4~ 

The experimental  protocol is as follows: 

1. Prepare a 10• mutagenic  PCR buffer conta in ing  70 mM MgC1 z, 500 mM 
KC1, 100 mM Tris (pH 8.3 at 25~ and 0.1% (wt/vol) gelatin. 

2. Prepare a 10• dNTP mix conta ining 2 mM dGTP, 2 mM dATP, 10 mM 
dCTP, and 10 mM TTP. 

3. Prepare a solution of 5 mM MnC12. DO NOT combine  with  the 10• PCR 
buffer, which would result in formation of a precipitate tha t  disrupts PCR 
amplification. 

4. Combine  10 txl of 10• mutagenic  PCR buffer, 10 jxl of 10• dNTP mix, 
30 pmoles of each primer, 20 fmoles of input  DNA, and an a m o u n t  of HzO 
that  brings the total volume to 88 ixl. Mix well. 

5. Add 10 ~1 of 5 mM MnCI 2. Mix well and confirm that  a precipitate has 
not  formed. 

6. Add 5 units (2 ~1) of Taq polymerase (Cetus or licensed supplier), bring- 
ing the final volume to 100 ~1. Mix gently. Cover with mineral  oil or a wax 
bead, if desired. 

7. Incubate for 30 cycles of 94~ for 1 min, 45~ for 1 min, and 72~ for 1 
min. Do not  employ a "ho t  start" procedure or a prolonged extension t ime at 
the end of the last cycle. 

8. Purify the reaction products by extraction with chloroform/isoamyl  al- 
cohol [24:1 (vol/vol)] and subsequent  e thanol  precipitation. 

9. Run a small port ion of the purified products on an agarose gel stained 
with e th id ium bromide to confirm a satisfactory yield of full-length material.  
Mutagenic PCR should be carried out in parallel with standard PCR (omit t ing 
the four changes listed above); the yields of full-length DNA should  be com- 
parable. 

Results 
By employing a DNA of ordinary nucleotide composit ion,  the mutagen ic  PCR 
introduces errors at a frequency of 0.66%---0.13% per posit ion over the course 
of the PCR [95% confidence interval (C.I.)].(l~ Nearly all of these changes are 
base substitutions. The combined  frequency of insertions and deletions is 
<0.05% (one-tailed test, 95% C.I.). The number  of muta t ions  per DNA copy 
follows a Poisson distribution. The probabili ty of muta t ing  each of the 4 bases 
is approximately equal except for a 1.5-fold enhanced  probabili ty of muta t ing  
T residues, which  is significant at the 99% confidence level. The most  com- 
m o n  specific mutat ions  are A --~ T and T --~ A changes, which  we at tr ibute to 
T.T mismatches that  manifest  as either A--~ T changes in the same strand or 
T--~ A changes in the opposing strand. The least c o m m o n  muta t ions  are 
G ~ C and C--~ G changes, which  presumably reflects the difficulty in form- 
ing and extending G.G and C.C mismatches.  Summing  up all types of muta-  
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t ions and correcting for the base compos i t ion  of the muta t ed  gene, the  ratio 
of A.T ~ G.C to G.C ~ A.T changes is 1.0 (0.6-1.7, 95% C.I.). 

Troubleshooting 
The mos t  c o m m o n  difficulty with the mutagen ic  PCR stems f rom the fact 
that  30 tempera ture  cycles are employed  even t hough  Taq polymerase  makes  
an average of only 10 passes along the DNA. As noted  above, this provides 
ample  oppor tuni ty  for extension of mismatched  termini ,  which  is necessary 
to lock in mutat ions .  However, it also favors the occurrence of ampli f icat ion 
artifacts. (is) C o m p o u n d i n g  the problem is the markedly  elevated MgC12 con- 
centrat ion,  which lowers the str ingency of pr imer  hybridizat ion,  thereby pro- 
mo t ing  the format ion of nonspecif ic  amplif icat ion products.  As a general  
rule, one should begin the mutagenic  PCR with ei ther  cDNA or a double-  
s t randed DNA fragment  that  encompasses  only the region of interest. It is 
risky to employ  plasmid DNA and hopeless to begin with a genomic  library. 
We l imit  the use of mutagen ic  PCR to DNAs no longer  than  - 1 0 0 0  nucle- 
otides. For longer target sequences, the DNA can be divided into two or more  
fragments  that  are mutagenized  separately. 

Because the mutagenic  PCR enhances  pr imer  mishybridizat ion,  there will 
be certain combina t ions  of primers and target sequence tha t  inevitably give 
rise to short  amplif icat ion products  that  ou tcompete  the full-length DNA. 
These artifacts are best seen by carrying out  the reaction with a radiolabeled 
pr imer  and separating the products  on a nondena tu r ing  polyacrylamide gel. 
On the basis of their size and (if necessary) sequence, it should  be possible to 
discern the site of pr imer  mishybr idizat ion and redesign the pr imers  accord- 
ingly. Alternatively, it may be preferable to attach well-chosen pr imer-bind-  
ing sites to the ends of the DNA and carry out PCR amplif icat ion using these 
handles.  

Another  source of difficulty is the tendency  to make slight modif icat ions  of 
the protocol wi thout  evaluat ing their  consequences.  If, for example,  C ~ G 
changes are less frequent  than  T ~  A changes, then  why not  double  the 
concent ra t ion  of dGTP to 0.4 mM? Doing so, it turns out, results in a fourfold 
increase in the ratio of A.T--~ G.C to G.C--~ A-T changes.  ~1~ We encourage  
others to explore alternative reaction condi t ions  that  may lead to an im- 
proved PCR mutagenesis  procedure.  However, in view of the extreme sensi- 
tivity of Taq polymerase to dNTP concentra t ions  and other  aspects of the  
reaction condit ions,  general users are encouraged to follow the protocol  to 
the letter. 

DISCUSSION 
The dis tr ibut ion of variants that  results f rom mutagenic  PCR depends  on  the 
error rate and the length of the sequence that  is being randomized.  The 
probabil i ty P of having k muta t ions  in a sequence of length  n is given by 
P(k,n,~) = (n! / [(n - k)! k!]) ~k (1 --e) n-k, where e is the error rate per posit ion.  
In the present  case, the error rate is 0.66% per posi t ion over the course of the 
PCR (~ = 0.0066). Thus, for a target sequence of 500 nucleotides,  the resul t ing 
popula t ion  of variants would  consist of - 4 %  wild-type, 12% one-error  mu-  
tants, 20% two-error mutants ,  22% three-error mutants ,  18% four-error mu-  
tants, 12% five-error mutants ,  and 12% mutan ts  with six or more  errors. The 
n u m b e r  of distinct sequences with k errors, Nk, increases exponent ia l ly  with 
increasing k: Nk= (n! I [ ( n - k ) !  k!]) 3 k. Thus, 20 pmoles  of material  result ing 
from the mutagenesis  of a 500-nucleotide target sequence would  conta in  all 
possible one-, two-, three-, and four-error mutan ts  but  only - 2 %  of the pos- 
sible five-error mutan ts  and a progressively sparser sampl ing  of the ever 
higher-error mutants .  These calculations refer to the compos i t ion  of the DNA; 
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for the  c o r r e spond ing  prote in ,  t h e y  m u s t  be mod i f i ed  to take in to  a c c o u n t  t he  
degene racy  of  the  genet ic  code. 

For some  purposes ,  an  error  rate of 0.66% per  pos i t i on  will be insuff ic ient .  
It is poss ible  to carry ou t  successive rounds  of  m u t a g e n i c  PCR to d o u b l e  or  
even tr iple the  overall  error  rate. However ,  two po ten t i a l  pitfalls m u s t  be  
avoided.  First, if a small  a l iquo t  of  one  reac t ion  mix tu re  is used  to seed t he  
next,  the re  is an increased chance  tha t  molecu les  isolated f rom the  f inal  poo l  
will be re la ted by  descent .  Taking o n e - t h o u s a n d t h  of  the  p roduc t s  f r o m  a first 
m u t a g e n i c  PCR to seed a second  shou ld  no t  be a p rob l em,  bu t  t ak ing  one-  
t h o u s a n d t h  of  the  second  to seed a th i rd  wou ld  reduce  d ivers i ty  to an  unac-  
cep tab ly  low level. This p r o b l e m  could  be r e m e d i e d  by  scal ing up  the  t h i rd  
reac t ion  mix tu re  to lO-ml vo lume ,  p re fe rab ly  in mu l t i p l e  reac t ion  vessels 
c o n t a i n i n g  100 ~l each. A second  po ten t i a l  pitfall  is t he  risk of  g e n e r a t i n g  
nonspec i f i c  ampl i f i ca t ion  products ,  m a d e  m o r e  l ikely by  the  increased  n u m -  
ber  of  t e m p e r a t u r e  cycles. It m a y  be necessary  to gel -pur i fy  fu l l - length  DNA 
after t he  first m u t a g e n i c  PCR before  p roceed ing  wi th  the  second.  

Unt i l  a m o r e  e r ror -prone  t h e r m o s t a b l e  DNA p o l y m e r a s e  is f o u n d  in n a t u r e  
or deve loped  t h r o u g h  e n z y m e  eng ineer ing ,  T a q  p o l y m e r a s e  p rov ides  the  
m o s t  effective way to genera te  a l ibrary of  DNAs tha t  c o n t a i n  r a n d o m  mu ta -  
t ions  over  a s t re tch of 100-1000  nucleot ides .  If one  is in te res ted  in a l ib rary  
of RNAs, t h e n  a p r o m o t e r  sequence  for T7 RNA p o l y m e r a s e  can be i n c l u d e d  
near  the  5' end  of the  appropr ia te  PCR pr imer ,  a l lowing  the  DNA produc t s  to 
serve as t empla tes  in an in vi t ro  t r ansc r ip t ion  react ion.  (16) If one  is i n t e res t ed  
in a l ibrary  of proteins ,  t h e n  the  PCR pr imers  can be des igned  to i nc lude  
e i ther  res t r ic t ion  sites for c lon ing  in to  a sui table  express ion  vec tor  or  a r ibo- 
s o m e - b i n d i n g  site and  start  c o d o n  for in vi t ro  t rans la t ion .  

An i m p o r t a n t  advantage  of  m u t a g e n i c  PCR is t ha t  it al lows repea ted  ran-  
d o m i z a t i o n  of a p o p u l a t i o n  of nucle ic  acids w i t h o u t  i sola t ing c lones  and  
o b t a i n i n g  sequence  in fo rma t ion .  After one  has gene ra t ed  a l ibrary  of  m u t a n t s  
and  appl ied  a sc reening  m e t h o d  to ob ta in  ind iv idua ls  t ha t  exh ib i t  a par t i cu la r  
p roper ty ,  the  selected indiv iduals  can t h e n  be used d i rec t ly  as i n p u t  for a 
second  m u t a g e n i c  PCR. Repeat ing the  cycle of se lec t ion  and  m u t a g e n i c  am-  
p l i f ica t ion  allows one  to carry ou t  in vi t ro  evo lu t i on  of  nuc le ic  acids, inc lud-  
ing those  tha t  have catalyt ic  func t ion .  (17-19) Similarly,  a p o p u l a t i o n  of  pro-  
t e i n - e n c o d i n g  DNAs, harves ted  f rom a selected subset  of  cells or  viral  
particles,  can  be t reated as an  e n s e m b l e  and  subjec ted  to m u t a g e n i c  PCR to 
p roduce  var ian ts  of the  selected var iants .  
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