
 10.1101/gr.2.3.253Access the most recent version at doi:
1993 2: 253-257 Genome Res. 

  
K D Smith, A Valenzuela, J L Vigna, et al. 
  
Unwanted mutations in PCR mutagenesis: avoiding the predictable.

  
References

  
 http://genome.cshlp.org/content/2/3/253.full.html#ref-list-1

This article cites 14 articles, 2 of which can be accessed free at:

  
License

Service
Email Alerting

  
 click here.top right corner of the article or 

Receive free email alerts when new articles cite this article - sign up in the box at the

 https://genome.cshlp.org/subscriptions
go to: Genome Research To subscribe to 

Copyright © Cold Spring Harbor Laboratory Press

 Cold Spring Harbor Laboratory Press on June 24, 2026 . Published by genome.cshlp.orgDownloaded from  Cold Spring Harbor Laboratory Press on June 24, 2026 . Published by genome.cshlp.orgDownloaded from 

http://genome.cshlp.org/lookup/doi/10.1101/gr.2.3.253
http://genome.cshlp.org/content/2/3/253.full.html#ref-list-1
http://genome.cshlp.org/cgi/alerts/ctalert?alertType=citedby&addAlert=cited_by&saveAlert=no&cited_by_criteria_resid=protocols;10.1101/gr.2.3.253&return_type=article&return_url=http://genome.cshlp.org/content/10.1101/gr.2.3.253.full.pdf
http://genome.cshlp.org/cgi/adclick/?ad=58174&adclick=true&url=https%3A%2F%2Fcellecta.net%2Ffxlscreen-genres-2301-468x68
https://genome.cshlp.org/subscriptions
http://genome.cshlp.org/
http://www.cshlpress.com
http://genome.cshlp.org/
http://www.cshlpress.com


Technical Tips 

Unwanted 
Mutations in PCR 

Mutagenesis: 
Avoiding the 

Predictable 

Kelly D. Smith, 1'2 
Alicia Valenzuela, 1 

Janet L. Vigna, ~'2 
Kim Aalbers, ~ and 

Charles T. Lutz ~ 

Departments of ~Pathology and 
2Microbiology, University of Iowa, Iowa 

City, Iowa 52242 

PCR is a useful technique for generating 
site-specific mutations (l'z) and recombi- 
nations (3~ that has distinct advantages 
over traditional techniques. Traditional 
oligonucleotide-directed mutagenesis 
protocols create a mismatch  at the de- 
sired position between the template 
DNA strand and a complementary  DNA 
strand synthesized in vitro. When  DNA 
containing the mismatch is transformed 
into bacteria, the bacteria correct the 
mismatch,  either introducing the de- 
sired mutat ion or restoring the original 
nucleotide. (4's) Because only a fraction 
of the resulting colonies contain the mu- 
tation, screening methods frequently are 
required to distinguish the desired mu- 
tations from the unmuta ted  form. 

PCR mutagenesis uses primers that 
contain the desired mutations to amplify 
the template DNA. Therefore, all of the 
amplified DNA contains the desired mu- 
tation on both strands, e l iminat ing the 
requirement  for a screening step. In ad- 
dition, PCR recombinat ion uses overlap- 
ping primers to combine  segments of 
DNA. This eliminates the requirement  in 
traditional in vitro recombinat ion meth- 
ods for restriction endonuclease sites at 
the point  of recombination.  

In PCR mutagenesis and recombina- 
tion, the cloned products must be se- 
quenced to identify any unwanted mu- 
tations generated during PCR. Most 
researchers have reported a low fie- 
quency of unwanted mutations, in the 
range of 0.026% °~ to 0 .25% (6) per nucle- 
otide. These unwanted mutat ions can be 
attributed to Taq polymerase misincor- 
porating deoxynucleotides during tem- 
plate-dependent chain elongation. Thus, 
Taq polymerase misincorporations are 
not frequent in PCR mutagenesis and re- 
combinat ion  procedures. In addition to 
polymerase activity, however, Taq poly- 
merase has a terminal  transferase-like ac- 
tivity. (7) This activity adds a deoxynucle- 
otide to each 3' end of double-stranded 
DNA, including PCR products. Molecular 
techniques, such as DNA cloning and 
mutagenesis, that utilize PCR must com- 
pensate for Taq polymerase terminal  
transferase-like activity. To overcome 
problems in the direct cloning of PCR 
products, new vectors (TA Cloning, In- 
vitrogen, and CloneAmp, GIBCO BRL) 
capitalize on Taq polymerase terminal  
transferase-like activity. To overcome 
problems in PCR mutagenesis and re- 
combination,  the investigator must un- 
derstand the mechan ism of Taq poly- 

merase terminal  transferase-like activity 
generated mutations. 

Typical PCR mutagenesis and PCR re- 
combinat ion  protocols use first-round 
PCR products to pr ime a subsequent 
round of PCR. These first-round PCR 
products may be modif ied at their 3' 
ends. When  used to prime a subsequent 
round of PCR, the modif ied product 
may substitute an unwanted  deoxynu- 
cleotide adjacent to the 3' end of this 
first-round product. Thus, Taq poly- 
merase terminal  transferase-like activity 
may also cause unwanted  mutat ions in 
PCR. Here we document  that, in contrast 
to misincorporations,  Taq polymerase 
terminal  transferase-like activity-gener- 
ated mutat ions are frequent. We also 
present a mechan i sm to explain how 
these mutat ions arise and how they can 
be avoided. 

MATERIALS AND METHODS 

Figure 1 shows the three methods of mu- 
tagenesis used. The first-round reaction 
is essentially the same for all three meth- 
ods. Each 100-1~1 reaction mixture con- 
tains 100 ng of plasmid DNA, 100 
pmoles of each oligonucleotide primer 
(synthesized on Applied Biosystems 391 
PCR-Mate, deblocked, and purified on 
Sephadex G-25 columns), 200 I~M dNTPs, 
50 mM KC1, 10 mM Tris-HC1 (pH 8.8 at 
25°C), 1.5 mM MgCl2, 0.1% Triton X-IO0, 
and 2.5 units of Taq polymerase 
(Promega). Reactions are overlaid with 
100 t~1 of mineral  oil and incubated in a 
thermocycler (MJ Research, Inc.) for 5 
min  at 94°C, then 30 sec at 50°C, 60 sec at 
72°C, and 60 sec at 94°C for 20 cycles, 
followed by 30 sec at 50°C and 7 m i n  at 
72°C. 

For two-step mutagenesis,  separate 
first-round reactions are performed for 
each of the two overlapping mutagenic  
primers. Twenty microliters of each first- 
round reaction mixture is separated on a 
1% low-melting-temperature agarose gel 
(FisherBiotech) in TAE buffer, is) The spe- 
cific bands are excised and melted at 
68°C immediate ly  prior to use. In the 
two-step procedure, the second round of 
PCR is identical to the first-round reac- 
tion except that template DNA consists 
of equimolar  amounts  of the agarose-iso- 
lated first-round amplif icat ion products 
(5-50 ng of each in a total volume not 
more than  10 i~1) and the a and d primers 
are used (Fig. 1). 
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FIGURE 1 PCR mutagenesis methods. (a) In 
the one-step method, the mutagenic primer 
(d) contains both the desired substitution (tri- 
angle) and a restriction endonuclease (R.E.) 
site. An external primer (a) is located external 
to another R.E. site. After one round of PCR, 
the a + d product is digested and subcloned 
into a plasmid. (b) In the two-step method, 
two complementary mutagenic primers (b 
and c) and two external primers (a and d) are 
used in two separate first-round reactions. In 
the second-round of PCR, a + b and c + d 
products are combined with the external 
primers, a and d. The resulting a + d product 
is digested and subcloned into a plasmid. (c) 
In megaprimer mutagenesis, the mutagenic 
primer (b) and an external primer (a) are used 
in the first-round of PCR to create the 
"megaprimer", the a + b product. In the sec- 
ond round of PCR, the "megaprimer" and an 
external primer (d) are used. The resulting 
a + d product is digested and subcloned into 
a plasmid. In the figure, thick lines denote 
oligonucleotides and thin lines denote tem- 
plate or PCR synthesized DNA. 

For the megapr imer  method ,  one  
s trand of the f irst-round PCR product  
serves as a large pr imer  for the second- 
round  PCR. The first-round PCR mixture  
is concen t ra ted  by e thano l  precipi ta t ion 
and  separated on  a 1% LE agarose gel 
(SeaKem) in TBE buffer(8~; the specific 
band  is excised, electroeluted,  precipi- 
tated, and  resuspended in H20. The sec- 
ond - round  react ion for megapr imer  mu- 
tagenesis is essentially the same as the 
f irst-round except 100-400 ng of the iso- 
lated f irst-round product,  the "mega-  
pr imer , "  is used in place of one  of the 
o l igonuc leo t ide  primers (Fig. 1). 

After c lon ing  PCR products  in to  plas- 
mids, mu ta t ions  are analyzed by DNA se- 
quenc ing  using Sequenase kit version 
2.0 (United States Biochemicals) or cy- 
cle-sequencing.  (9> 

RESULTS AND DISCUSSION 

Unwanted  nuc leo t ide  subst i tu t ions  were 
found  in 38 (62%) of the 61 var iants  se- 
quenced  (single subst i tu t ions  in 37 and  
two subst i tu t ions  in 1) and  fell in to  two 
patterns.  One  pat tern  consists of appar- 
ent ly  r a n d o m  muta t ions  dis tant  f rom 
the PCR primers.  These occur infre- 
quent ly ,  in  3 out  of 61 or 5% of the vari- 
ants, and  are mos t  l ikely caused by Taq 
polymerase  rn i s incorpora t ing  deoxynu-  
cleotides dur ing  t emp la t e -dependen t  
chain  e longa t ion .  (1°'11> Misincorpora-  
t ion  muta t ions  were no t  detected in 
products  of the megapr imer  m e t h o d  
(4610 nucleot ides  sequenced  f rom 26 
clones) and  occurred at a f requency  of 
0.06% per nuc leo t ide  sequenced for each 
of the one-step and  the two-step proce- 
dures, comparable  to frequencies  found  
by others,  0.026%, (1> 0.06%, (2> and  
0.25%. (6> The fidelity of Taq polymerase  
under  s tandard PCR cond i t ions  ranges 
from 0 .1x  10 -4  to 2 .1x 10 -4  errors/ 
bp. (~-14> Therefore,  the  theoret ica l  mu- 
ta t ion  f requency is predicted to be 0 .04-  
0.9% per nuc leo t ide  after 21 cycles of 
ampl i f ica t ion.  Our f requency  of errors 
falls w i th in  this theoret ical  range, and, 
more  impor tan t ly ,  the  fidelity of Taq 
polymerase  permits  fai thful  repl icat ion 
of DNA used in PCR mutagenesis .  We 
typically l imit  the  n u m b e r  of essential  
(i.e., a m i n o  acid coding)  nucleot ides  to 
less t han  300, thereby reducing  the  prob- 
abili ty of f ind ing  an error f rom Taq poly- 
merase mi s inco rpo ra t ion  in any  given 
clone. The three mi s inco rpo ra t i on  mu- 
ta t ions detected are all t ransi t ions,  two 
A:T-->G:C and  one  G:C--->A:T, cons is tent  
wi th  previous observat ions  tha t  
A:T--~G:C muta t ions  are the  mos t  com- 
m o n  error by Taq polymerase .  (11'~4> 

In contras t  to mis incorpora t ions ,  the  
second group of mu ta t i ons  is c o m m o n ,  

TABLE 1 Taq Polymerase Terminal  Transferase-like Activity Causes Most  of the  
Unwanted  Muta t ions  Seen in PCR Mutagenesis  

Unwanted mutations 
Number of 
mutants adjacent to distant from 
sequenced Protocol Primers a Primersb Total 

11 one step 0 1 1 
24 two step 14 2 16 
26 megaprimer 22 0 22 

aConsistent with Taq polymerase terminal transferase-like activity causing the mutations listed in 
this column, according to the mechanism described in the text and in Fig." 2. 
bConsistent with Taq polymerase misincorporation of nucleotides during template-dependent 
chain elongation. 
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occurring in 36 out of 61 (59%) of the 
variants sequenced (Table 1). This group 
consists of systematic substitutions of 
dAMP (34 out of 36) or dTMP (2 out of 
36) for the nucleotide immediately adja- 
cent to the 3' ends of the first-round PCR 
products. This pattern of muta t ion  also 
is frequently observed by other  investi- 
gators using different DNA templates 
and different sources of Taq polymerase 
(R. Olson and M. Stinski, University of 
Iowa, personal communicat ion) .  The 
substitution of dAMP or dTMP adjacent 
to the 3' ends of first-round PCR prod- 
ucts likely results from the terminal  
transferase-like activity of Taq poly- 
merase, which adds a single deoxynucle- 
otide to the 3' ends of double-stranded 
DNA.(7) Because restriction endonu-  
clease digestion and cloning remove the 
3' ends of the PCR product, the terminal 
transferase-like activity mechanism pre- 
dicts that no unwanted  systematic muta- 
tions will be found using the one-step 
method. This prediction was confirmed 
(Table 1). 

The proposed mechan ism for Taq 
polymerase terminal  transferase-like ac- 
tivity-generated mutat ions is illustrated 
in Figure 2 using an example from our 
data. Taq polymerase terminal  trans- 
ferase-like activity preferentially adds 
dAMP (7) to the 3' ends of first-round 
double-stranded DNA PCR products 
(modified a + b and modified c + d 
products in Fig. 2). In the second round 
of PCR, modified first-round products 
prime each other. Taq polymerase ex- 
tends the modified first-round products, 
fixing the dAMP substitution adjacent to 
the 3' ends of the first-round products. 
The subsequent cycles of amplification 
copy the substitution to dAMP (modified 
a + d products 1 and 2 in Fig. 2). The 
example in Figure 2 illustrates that when 
both first-round products are modified, 
the two-step procedure yields a maxi- 
m u m  frequency of 100% terminal  trans- 
ferase-like activity mutated products. 
However, the mismatches at the posi- 
tions adjacent to the 3' ends of the first- 
round products localize the substitu- 
tions to opposite strands. After one 
round of amplification, the two strands 
segregate into separate products and 
each second-round product  has at most  
only one of the two possible unwanted  
mutations (a + d products 1 and 2 in 
Fig. 2). Consistent with this proposed 
mechanism, we found no more than one 
mutat ion adjacent to the mutagenic  

FIRST ROUND 

5'...tggctccggagatacctggagaac 
3'...accgagGCCTCTGTGGACACATTG 

a+b Product 

CGGAGACACCTGGGAGAAcggga...3' 
gcctctgtggacctacccgccct...5' 

c+d Product 

Taq polymerase 
terminal transferase-like 
activity 

5'...tggctccggagatacctggagaacA 
3'...accgagGCCTCTGTGGACACATTG 

modified a+b Product 

CGGAGACACCTGGGAGAAcggga...3' 
Agcctctgtggacctacccgccct...5' 

modified c+d Product 

SECOND ROUND 

5'...tggctccggagacacctggagaac A 
Agcctctgtggacctcttgcccttc...5' 

priming of first round products 

l e x t e n s i o n  and a m p l i f i c a t i o n  
of mutated products 

5'...tggctccggagacacctggagaacAggaag...3' 
3,...accgaggcctctgtggacctcttgTccttc...5' 

a+d Product 1 

5 '... tggctTcggagacacctggagaacgggaag. • • 3 ' 
3 '... accgaAgcctctgtggacctcttgcccttc... 5 ' 

a+d Product 2 

FIGURE 2 The proposed mechanism for terminal transferase-like activity-generated mutations, as 
illustrated for the two-step method. In the first round, PCR amplification creates a double- 
stranded DNA substrate for Taq polymerase terminal transferase-like activity. Taq polymerase 
preferentially adds dAMP to the 3' ends of the first-round products. In the second round, these 
modified products serve as primers, but the added dAMP creates a 3' mismatch. Taq polymerase 
tolerates the 3' A/C mismatches and extends the DNA strand beyond the mismatch. After another 
cycle of amplification, the resulting G--~A substitutions are seen in the a + d products. Note that 
each added dAMP causes a G-->A substitution in only one of the a + d products. Because Taq 
polymerase terminal transferase-like activity preferentially adds dAMP to the 3' ends of double- 
stranded PCR products, few substitutions to dTMP, dGMP, and dCMP are seen. This example 
shows both first-round products as modified. However, some PCR products may remain unmod- 
ified by Taq polymerase terminal transferase-like activity. In addition, only the internal ends of 
the first-round PCR products are shown because the external ends are removed by restriction 
endonuclease digestion during cloning of the second-round product. Oligonucleotide primers 
are shown in capital letters, and terminal transferase-like activity added nucleotides and the 
resulting mutations are shown in bold capital letters. 

primers for each PCR product sequenced 
for the two-step method.  

In terminal  transferase-like activity, 
Taq polymerase strongly prefers dATP as 
a substrate. (7) Strikingly, 34 out of the 36 

Taq polymerase terminal  transferase-like 
activity-generated mutat ions  are substi- 
tutions to dAMP, showing that dAMP is 
also preferentially added to the 3' ends 
of double-stranded DNA during PCR mu- 
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tagenesis; only two (6%) of the substitu- 
tions are to dTMP and none  are to dGMP 
or dCMP (Table 2). Kwok et al. demon- 
strated that  a primer/template with a 3' 
A/C mismatch functions as well as a 
primer/template with no mismatch,  but 
3' A:G or A:A mismatches funct ion 
poorly. (is) In contrast, we see a high fre- 
quency of G--->A transitions and rela- 
tively high frequencies of T--->A and C-->A 
transversions (Table 2), indicating that  
3' A:G and A:A as well as A:C mismatches 
prime Taq polymerase chain e longat ion 
in our system. 

If we assume that  3' A:C primer/tem- 
plate mismatches prime with 100% effi- 
ciency, we can calculate how frequently 
dAMP is added to the 3' ends of double- 
stranded DNA. In the two-step method,  
the maximum substi tution frequency is 
50% for each mutagenic primer (see Fig. 
2). We observed 38% (12 of 32) out of 
the maximum possible 50% G-->A substi- 
tutions. In the megaprimer method,  the 
maximum possible frequency is 100% 
for the mutagenic primer. We observed 
80% (16 of 20) out of the max imum pos- 

TABLE 2 Substitutions to dAMP 
Are Highly Favored in Terminal 
Transferase-like Activity- 
Generated Mutations 

Corrected 
Observed/ substitution 

Substitutions possible frequency a 

G ~ A 28/52 
Two step 12/32 0.75 
Megaprimer 16/20 0.80 

T ~ A 2/3 
Two step 0/1 0.00 
Megaprimer 2/2 1.00 

C ~ A 4/19 
Two step 2/15 0.27 
Megaprimer 2/4 0.50 

Total 34/74 

G --~ T 1/52 
Two step 0/32 0.00 
Megaprimer 1/20 0.05 

C --~ T 1/19 
Two step 0/15 0.00 
Megaprimer 1/4 0.25 

Total 2/71 

aThe corrected substitution frequency is equal 
to the (observed substitutions/possible substi- 
tutions) value divided by the maximum ex- 
pected frequency of substitution (0.50 for the 
two-step method and 1.00 for the megaprimer 
method). 

sible 100% terminal  transferase-like ac- 
tivity mutated products. Thus, Taq poly- 
merase terminal  transferase-like activity 
appears to add dAMP to 75-80% of the 3' 
ends of double-stranded DNA during 
PCR. If Taq polymerase extends from 3' 
A:C mismatches with less than perfect ef- 
ficiency, then  the frequency of Taq poly- 
merase terminal  transferase-like activity 
added dAMP would be even higher. 

Taq polymerase terminal  transferase- 
like activity preferentially adds dAMP to 
double-stranded DNA and Taq poly- 
merase tolerates 3' primer/template mis- 
matches. These facts suggest two simple 
strategies to avoid or circumvent un- 
wanted mutat ions in PCR mutagenesis. 
(1) Taq polymerase addit ion of dAMP to 
the 3' ends of PCR products has the ef- 
fect of substituting dTMP at the deoxy- 
nucleotide posit ion immediately preced- 
ing the 5' end of the primer. Therefore, 
posit ion the 5' end of primers adjacent 
to either a dTMP or a posit ion that can 
tolerate a change to dTMP (such as the 
wobble posit ion of many amino acid 
codons). (2) When possible use the one- 
step method,  in which the mutagenic 
primer also contains the restriction en- 
donuclease site. We have successfully 
used primers of up to 50 deoxynucle- 
otides in this procedure. 

Using these suggestions, we have not  
seen mutat ions in six clones made with 
the 5' end of primers adjacent to dTMP. 
Of nine clones made with the 5' end of 
the primer adjacent to the wobble posi- 
tion, eight showed substitutions to 
dAMP, and one showed a substitution to 
dTMP adjacent to the 3' end of the first- 
round PCR product, consistent with Taq 
polymerase adding a dAMP or, less fre- 
quently, a dTMP to the 3' ends of the 
first-round PCR product. Using the one- 
step method,  we have never seen a mu- 
tation adjacent to the primer. 

In conclusion, this report discusses 
two classes of unwanted  mutat ions gen- 
erated during PCR amplification. The 
first class consists of misincorporat ion 
mutat ions that  occur at a low frequency. 
The second class consists of terminal  
transferase-like activity-generated muta- 
tions. These occur frequently in proce- 
dures that  use PCR products to prime 
subsequent rounds of PCR. Although not  
documented  here, PCR recombinat ion (3) 
likely also suffers terminal  transferase- 
like activity-generated mutations.  How- 
ever, this class of mutat ions is highly 
predictable and, hence, avoidable. 
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