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PCR is a useful technique for generating
site-specific mutations® and recombi-
nations® 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 mutation or restoring the original
nucleotide.**> 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 unmutated 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, eliminating the
requirement for a screening step. In ad-
dition, PCR recombination uses overlap-
ping primers to combine segments of
DNA. This eliminates the requirement in
traditional in vitro recombination 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 fre-
quency of unwanted mutations, in the
range of 0.026%" to 0.25%® per nucle-
otide. These unwanted mutations 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-
combination procedures. In addition to
polymerase activity, however, Taq poly-
merase has a terminal transferase-like ac-
tivity.”? This activity adds a deoxynucle-
otide to each 3’ end of double-stranded
DNA4, 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 Tagq polymerase terminal
transferase-like activity. To overcome
problems in PCR mutagenesis and re-
combination, the investigator must un-
derstand the mechanism of Taq poly-
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merase terminal transferase-like activity
generated mutations.

Typical PCR mutagenesis and PCR re-
combination protocols use first-round
PCR products to prime a subsequent
round of PCR. These first-round PCR
products may be modified at their 3'
ends. When used to prime a subsequent
round of PCR, the modified 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 mutations in
PCR. Here we document that, in contrast
to misincorporations, Taq polymerase
terminal transferase-like activity-gener-
ated mutations are frequent. We also
present a mechanism to explain how
these mutations 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-ul 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 um dNTPs,
50 mM KCl, 10 mm Tris-HCI (pH 8.8 at
25°C), 1.5 mm MgCl,, 0.1% Triton X-100,
and 2.5 wunits of Taq polymerase
(Promega). Reactions are overlaid with
100 wl of mineral oil and incubated in a
thermocycler (M] 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 min 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.® The spe-
cific bands are excised and melted at
68°C immediately 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 amplification products
(5-50 ng of each in a total volume not
more than 10 wl) 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 ¢ + d
products are combined with the external
primers, a and d. The resulting a + d product
is digested and subcloned into a plasmid. (¢)
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 megaprimer method, one
strand of the first-round PCR product
serves as a large primer for the second-
round PCR. The first-round PCR mixture
is concentrated by ethanol precipitation
and separated on a 1% LE agarose gel
(SeaKem) in TBE buffer®; the specific
band is excised, electroeluted, precipi-
tated, and resuspended in H,O. The sec-
ond-round reaction for megaprimer mu-
tagenesis is essentially the same as the
first-round except 100-400 ng of the iso-
lated first-round product, the ‘“‘mega-
primer,” is used in place of one of the
oligonucleotide primers (Fig. 1).

After cloning PCR products into plas-
mids, mutations are analyzed by DNA se-
quencing using Sequenase kit version
2.0 (United States Biochemicals) or cy-
cle-sequencing.®

RESULTS AND DISCUSSION

Unwanted nucleotide substitutions were
found in 38 (62%) of the 61 variants se-
quenced (single substitutions in 37 and
two substitutions in 1) and fell into two
patterns. One pattern consists of appar-
ently random mutations distant from
the PCR primers. These occur infre-
quently, in 3 out of 61 or 5% of the vari-
ants, and are most likely caused by Tagq
polymerase misincorporating deoxynu-
cleotides during template-dependent
chain elongation.*®'? Misincorpora-
tion mutations were not detected in
products of the megaprimer method
(4610 nucleotides sequenced from 26
clones) and occurred at a frequency of
0.06% per nucleotide sequenced for each
of the one-step and the two-step proce-
dures, comparable to frequencies found
by others, 0.026%, 0.06%,”” and
0.25%.® The fidelity of Taq polymerase
under standard PCR conditions ranges
from 0.1x 107* to 2.1x 10™* errors/
bp.(21¥ Therefore, the theoretical mu-
tation frequency is predicted to be 0.04—
0.9% per nucleotide after 21 cycles of
amplification. Our frequency of errors
falls within this theoretical range, and,
more importantly, the fidelity of Tag
polymerase permits faithful replication
of DNA used in PCR mutagenesis. We
typically limit the number of essential
(i.e., amino acid coding) nucleotides to
less than 300, thereby reducing the prob-
ability of finding an error from Tagq poly-
merase misincorporation in any given
clone. The three misincorporation mu-
tations detected are all transitions, two
A:T—G:C and one G:C—A:T, consistent
with  previous observations that
A:T—G:C mutations are the most com-
mon error by Taq polymerase.**'¥

In contrast to misincorporations, the
second group of mutations is common,

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

Unwanted mutations

Number of

mutants adjacent to distant from

sequenced Protocol Primers® Primers® 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 Tag 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 mutation also
is frequently observed by other investi-
gators using different DNA templates
and different sources of Tag polymerase
(R. Olson and M. Stinski, University of
Iowa, personal communication). The
substitution of dAAMP 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.”? 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 mechanism for Tag
polymerase terminal transferase-like ac-
tivity-generated mutations is illustrated
in Figure 2 using an example from our
data. Taq polymerase terminal trans-
ferase-like activity preferentially adds
dAMP to the 3’ ends of first-round
double-stranded DNA PCR products
(modified a + b and modified ¢ + 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 dAAMP (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-
mum 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
mutation adjacent to the mutagenic

FIRST ROUND

CGGAGACACCTGGGAGAACggga...3"
gcctctgtggacctacccgeect. . .5

c+d Product

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

a+b Product

Tag polymerase
terminal transferase-like
activity

CGGAGACACCTGGGAGAAcggga...3"
Agcctctgtggacctaccegeect. .. 5!

modified c+d Product

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

modified a+b Product

SECOND ROUND

5'...tggctccggagacacctggagaach
Ac_;cctctgtggacct cttgcectte.. .5

priming of first round products

extension and amplification
of mutated products

5'...tggctccggagacacctggagaacAggaag. . . 3"
3'...accgaggcctctgtggacctettgTectte. . .5

a+d Product 1

5'...tggctTcggagacacctggagaacgggaag...3'
3'...accgaRgcctctgtggacctcttgeectte. . .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. Tag 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 Tag
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 Tag 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.” Strikingly, 34 out of the 36

Taq polymerase terminal transferase-like
activity-generated mutations 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 function
poorly.*> 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 elongation
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 substitution 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 maximum pos-

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

Corrected
Observed/ substitution

Substitutions possible frequency?®
G- A 28/52

Two step 12/32 0.75

Megaprimer 16/20 0.80
T—>A 2/3

Two step 01 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

#The 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).
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sible 100% terminal transferase-like ac-
tivity mutated products. Thus, Tagq 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 Tagq poly-
merase tolerates 3’ primer/template mis-
matches. These facts suggest two simple
strategies to avoid or circumvent un-
wanted mutations in PCR mutagenesis.
(1) Taq polymerase addition of dAMP to
the 3’ ends of PCR products has the ef-
fect of substituting dTMP at the deoxy-
nucleotide position immediately preced-
ing the 5’ end of the primer. Therefore,
position the 5’ end of primers adjacent
to either a dTMP or a position that can
tolerate a change to dTMP (such as the
wobble position 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 mutations 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 Tag
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 mutations gen-
erated during PCR amplification. The
first class consists of misincorporation
mutations 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 recombination®
likely also suffers terminal transferase-
like activity-generated mutations. How-
ever, this class of mutations is highly
predictable and, hence, avoidable.
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