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H Most practitioners of PCR prefer to carry out DNA amplification in an accu-
Mutagen'c PCR 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
R. Craig Cadw ell' and er_r(;lr.}f‘orr:ufr_lgtily, Lhermosta})le D.NA po?yn;c;rasgsl are avai}able thaF gpereflte

Gerald F. Joyce with high fidelity because of an intrinsic 3" — 5’ exonuclease activity ( or
review, see ref. 1). Manipulation of PCR conditions can lead to further im-
. provement of copying accuracy.

ﬁiﬁ:&ﬁingiso?ég’le;gfgé;:;i Here, we consider the other side of the fidelity issue—those instances
Research Institute, La Jolla, where promiscuity is a virtue. Oftentimes, in probing the structure or func-
California 92037 tion of a protein or nucleic acid, one wishes to generate a library of mutants
and apply a screening method to isolate individuals that exhibit a particular
property. For mutations 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.®>> For
mutations over a longer segment, up to the size of an entire gene, it may be
preferable to scatter random mutations 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 mutations through inaccurate copying by a
DNA polymerase, especially if the polymerase is a thermostable enzyme that
can operate in the context of the PCR. Each pass of the polymerase during the
PCR allows for the possibility of mutation, so that the cumulative error rate

can 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~ * to 2 x 10~ * per nucleotide per
pass of the polymerase, depending on reaction conditions.*™® Over the
course of the PCR, in which the polymerase makes an average of 20-25
passes, the cumulative error rate is ~10~2 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.® We have devised a mutagenic PCR that
has an overall error rate of ~7 x 10~ 2 per nucleotide and does not exhibit
substantial sequence bias."'®

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-pl reaction mixture consists of 10'°
molecules (20 fmoles), which are amplified ~1000-fold to yield 103 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 opportunity 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 mutation 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 population will carry the same mutation as a consequence of their being
derived from a common ancestor.

Protocol
The protocol for mutagenic PCR is derived from ‘/standard” PCR condi-
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tions:'V 1.5 mm MgCl,, 50 mMm KCl, 10 mM Tris (pH 8.3 at 25°C), 0.2 mMm each
dNTP, 0.3 pM each primer, and 2.5 units of Taq polymerase in a 100-ul
volume, incubated for 30 cycles of 94°C for 1 min, 45°C for 1 min, and 72°C
for 1 min in a conventional thermal cycler. The following changes are made
to enhance the mutation rate:

1. The MgCl, concentration is increased to 7 mM to stabilize noncomple-
mentary pairs.®?

2. 0.5 mMm MnCl, is added to diminish the template specificity of the poly-
merase.!%13

3. The concentration of dCTP and TTP is increased to 1 mM to promote
misincorporation.%1¥

4. The amount of Taq polymerase is increased to 5 units to promote chain
extension beyond positions of base mismatch.®

The experimental protocol is as follows:

1. Prepare a 10X mutagenic PCR buffer containing 70 mm MgCl,, S00 mm
KCl, 100 mM Tris (pH 8.3 at 25°C), and 0.1% (wt/vol) gelatin.

2. Prepare a 10x dNTP mix containing 2 mM dGTP, 2 mm dATP, 10 mMm
dCTP, and 10 mmMm TTP.

3. Prepare a solution of 5 mM MnCl,. DO NOT combine with the 10x PCR
buffer, which would result in formation of a precipitate that disrupts PCR
amplification.

4. Combine 10 pl of 10x mutagenic PCR buffer, 10 pl of 10X ANTP mix,
30 pmoles of each primer, 20 fmoles of input DNA, and an amount of H,O
that brings the total volume to 88 ul. Mix well.

5. Add 10 pl of 5 mMm MnCl,. Mix well and confirm that a precipitate has
not formed.

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

7. Incubate for 30 cycles of 94°C for 1 min, 45°C for 1 min, and 72°C for 1
min. Do not employ a “hot start’”” procedure or a prolonged extension time 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 ethanol precipitation.

9. Run a small portion of the purified products on an agarose gel stained
with ethidium bromide to confirm a satisfactory yield of full-length material.
Mutagenic PCR should be carried out in parallel with standard PCR (omitting
the four changes listed above); the yields of full-length DNA should be com-
parable.

Results

By employing a DNA of ordinary nucleotide composition, the mutagenic PCR
introduces errors at a frequency of 0.66%=0.13% per position over the course
of the PCR [95% confidence interval (C.1.)].? Nearly all of these changes are
base substitutions. The combined frequency of insertions and deletions is
<0.05% (one-tailed test, 95% C.1.). The number of mutations per DNA copy
follows a Poisson distribution. The probability of mutating each of the 4 bases
is approximately equal except for a 1.5-fold enhanced probability of mutating
T residues, which is significant at the 99% confidence level. The most com-
mon specific mutations are A— T and T — A changes, which we attribute 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 common mutations 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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tions and correcting for the base composition of the mutated gene, the ratio
of AT— G-C to G:C— AT changes is 1.0 (0.6-1.7, 95% C.L).

Troubleshooting

The most common difficulty with the mutagenic PCR stems from the fact
that 30 temperature cycles are employed even though Taq polymerase makes
an average of only 10 passes along the DNA. As noted above, this provides
ample opportunity for extension of mismatched termini, which is necessary
to lock in mutations. However, it also favors the occurrence of amplification
artifacts.”'> Compounding the problem is the markedly elevated MgCl, con-
centration, which lowers the stringency of primer hybridization, thereby pro-
moting the formation of nonspecific amplification products. As a general
rule, one should begin the mutagenic PCR with either cDNA or a double-
stranded 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 limit the use of mutagenic PCR to DNAs no longer than ~1000 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 primer mishybridization, there will
be certain combinations of primers and target sequence that inevitably give
rise to short amplification products that outcompete the full-length DNA.
These artifacts are best seen by carrying out the reaction with a radiolabeled
primer and separating the products on a nondenaturing polyacrylamide gel.
On the basis of their size and (if necessary) sequence, it should be possible to
discern the site of primer mishybridization and redesign the primers accord-
ingly. Alternatively, it may be preferable to attach well-chosen primer-bind-
ing sites to the ends of the DNA and carry out PCR amplification using these
handles.

Another source of difficulty is the tendency to make slight modifications of
the protocol without evaluating their consequences. If, for example, C— G
changes are less frequent than T — A changes, then why not double the
concentration 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.'® We encourage
others to explore alternative reaction conditions that may lead to an im-
proved PCR mutagenesis procedure. However, in view of the extreme sensi-
tivity of Tag polymerase to dNTP concentrations and other aspects of the
reaction conditions, general users are encouraged to follow the protocol to
the letter.

DISCUSSION

The distribution of variants that results from mutagenic PCR depends on the
error rate and the length of the sequence that is being randomized. The
probability P of having k mutations in a sequence of length n is given by
P(k,ne)= (n!/[(n—Kk)! k!]) ¥ (1 —€)" ¥, where € is the error rate per position.
In the present case, the error rate is 0.66% per position over the course of the
PCR (e=0.0066). Thus, for a target sequence of 500 nucleotides, the resulting
population 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% mutants with six or more errors. The
number of distinct sequences with k errors, N,, increases exponentially with
increasing k: Ny=(n! / [(n—k)! k!]) 3X. Thus, 20 pmoles of material resulting
from the mutagenesis of a 500-nucleotide target sequence would contain all
possible one-, two-, three-, and four-error mutants but only ~2% of the pos-
sible five-error mutants and a progressively sparser sampling of the ever
higher-error mutants. These calculations refer to the composition of the DNA;
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for the corresponding protein, they must be modified to take into account the
degeneracy of the genetic code.

For some purposes, an error rate of 0.66% per position will be insufficient.
It is possible to carry out successive rounds of mutagenic PCR to double or
even triple the overall error rate. However, two potential pitfalls must be
avoided. First, if a small aliquot of one reaction mixture is used to seed the
next, there is an increased chance that molecules isolated from the final pool
will be related by descent. Taking one-thousandth of the products from a first
mutagenic PCR to seed a second should not be a problem, but taking one-
thousandth of the second to seed a third would reduce diversity to an unac-
ceptably low level. This problem could be remedied by scaling up the third
reaction mixture to 10-ml volume, preferably in multiple reaction vessels
containing 100 pl each. A second potential pitfall is the risk of generating
nonspecific amplification products, made more likely by the increased num-
ber of temperature cycles. It may be necessary to gel-purify full-length DNA
after the first mutagenic PCR before proceeding with the second.

Until a more error-prone thermostable DNA polymerase is found in nature
or developed through enzyme engineering, Taq polymerase provides the
most effective way to generate a library of DNAs that contain random muta-
tions over a stretch of 100-1000 nucleotides. If one is interested in a library
of RNAs, then a promoter sequence for T7 RNA polymerase can be included
near the 5’ end of the appropriate PCR primer, allowing the DNA products to
serve as templates in an in vitro transcription reaction.!® If one is interested
in a library of proteins, then the PCR primers can be designed to include
either restriction sites for cloning into a suitable expression vector or a ribo-
some-binding site and start codon for in vitro translation.

An important advantage of mutagenic PCR is that it allows repeated ran-
domization of a population of nucleic acids without isolating clones and
obtaining sequence information. After one has generated a library of mutants
and applied a screening method to obtain individuals that exhibit a particular
property, the selected individuals can then be used directly as input for a
second mutagenic PCR. Repeating the cycle of selection and mutagenic am-
plification allows one to carry out in vitro evolution of nucleic acids, includ-
ing those that have catalytic function.""’=' Similarly, a population of pro-
tein-encoding DNAs, harvested from a selected subset of cells or viral
particles, can be treated as an ensemble and subjected to mutagenic PCR to
produce variants of the selected variants.
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