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Directed evolution is a proven and powerful tool 
for modifying the catalytic abilities of enzymes.1 
Improved enzymes are identified in mutant 

libraries, in some instances screening for incremental 
improvements through multiple generations of mutation 
and selection. Practical constraints on library size and 
screening capacity emphasize the importance of library 
quality. Mutant libraries are typically constructed using 
error-prone PCR, DNA shuffling, or regional site-satura-
tion mutagenesis. In this communication, we report sim-
ple modifications to the Stratagene QuikChange protocol 
facilitating the construction of single-site saturation librar-
ies for directed evolution. Such libraries are collections of 
recombinant clones that contain all 20 naturally occurring 
amino acids at a specific site in a protein of interest.

In order to improve utilization of novel phosphate-
labeled nucleotides by DNA polymerases, we subjected 
Therminator DNA polymerase (New England Biolabs, 
Beverly, MA) to five generations of mutation and selec-
tion using single-site saturation libraries. A total of 80 

amino acid positions were chosen for mutagenesis, based 
on their proximity to the supposed location of the nucle-
otide modification in a structural model of the enzyme. 
Each screened library comprised 93 mutants randomized 
at one codon, giving a good probability to represent all 
20 amino acids. At each of five generations, we selected 
the most improved mutant polymerase from a collection 
of up to 40 different libraries (amino acid positions). The 
obtained new mutation was fixed, and unselected amino 
acid positions were again targeted for mutagenesis in the 
next generation. Overall, we constructed over 200 librar-
ies and screened over 65,000 individual mutants. Enzyme 
activity improved some 40-fold, until the incorporation 
rate of the modified dNTPs reached parity with natural 
dNTPs at about 20 nucleotides per sec.

Many methods for mutagenesis have been described.2–11 
We constructed site saturation libraries using Stratagene’s 
single-site QuikChange Site-Directed Mutagenesis Kit. 
While commonly used to change single codons and to 
insert or delete DNA segments (http://www.stratagene.
com/manuals/200523.pdf), this kit is not recommended 
for degenerate (one-codon) mutagenesis. The latter appli-
cation is suggested only with a more elaborate kit, the 
QuikChange Multi Site-Directed Mutagenesis Kit.5 In 
addition, both kits recommend HPLC- or gel-purified 
mutagenic primers. This additional purification is signifi-
cant both in time and cost when used in a high-throughput 
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setting. We show here that the simpler single-site Quik-
Change Kit is sufficient for constructing degenerate one-
codon libraries, and that mutagenic oligonucleotides from 
Operon (Huntsville, AL) can be used desalted with no 
further purification.

Methods, Results, and discussion

The codon to be randomized is chosen and two comple-
mentary oligonucleotides are synthesized corresponding 
to the two DNA strands. Equimolar degenerate mixes 
of all four bases (A, T, G, and C) are incorporated at the 
three positions of the selected codon. Each arm flanking 
the degenerate site should be approximately 15–20 nucle-
otides in length and contain a minimum of six Gs and/or 
Cs. The sequence of the mutagenic primers is dictated by 
the DNA sequence of the region to be mutated—only 
the primer’s beginning and ending points can be altered. 
Total primer length is usually 30–40 bases. Ideally, the 
G+C content should be 45–55%, and TM in the range 
of 70–95ºC. There should also be no self-complementary 
palindromic sequences on either the 3′ or 5′ end of the 
primers to avoid primer-dimer formation. If possible, 
avoid highly stable hairpin loops. Desalted primers are 
dissolved in 0.1X TE (1 mM Tris, 0.1 mM EDTA, pH 8.0) 
and diluted in deionized H2O to 2 μM concentration.

For starting template, we utilized a recombinant plas-
mid (approximately 6.5 kb) isolated using a QIAGEN 
QIAprep Spin Miniprep Kit (Valencia, CA). This meth-
odology requires methylated parental DNA, which is the 
case for most commonly utilized E. coli strains. Muta-
genesis reactions were performed in a 25-μL volume 
containing 1X Pfu reaction buffer (10 mM KCl, 10 mM 
(NH4)2SO4, 20 mM Tris-HCl (pH 8.8), 2 mM MgSO4, 
0.1% Triton X-100, and 0.1 mg/mL BSA), 20 ng template 
plasmid DNA, 6 pmol of each primer, 200 μM of each 
dNTP, and 1 unit of PfuTurbo DNA polymerase (cloned 
Pfu and PfuUltra Hotstart [Stratagene, La Jolla, CA] have 
also been used successfully). Often, multiple reactions 
were performed simultaneously, in which case a master 
mix was assembled on ice, then aliquoted into individual 
tubes, each containing the appropriate primers. Reactions 
were thermal cycled: 95ºC for 2 min, followed by 16 cycles 
of 95ºC for 30 sec, 55ºC for 1 min, and 68ºC for 10 min, 
then a final incubation of 68ºC for 10 min. Larger plas-
mids may require longer extension times. Reactions were 
cooled on ice and digested with 5 units of Dpn I for 1 h at 
37ºC to cleave methylated and hemimethylated parental 
DNA, but not the newly synthesized mutant DNA mol-
ecules. Completed reactions were either cooled on ice or 
stored at –20ºC. Another publication has reported using 
QuikChange methodology to generate site-saturation 
libraries.11 However, we have not found it necessary to use 

partial overlapping primers, purified mutagenesis primers, 
or purified PCR reactions as they did.

Reactions were used to transform 50 μL of chemi-
cally competent TOP10 E. coli (Invitrogen, Carlsbad, CA). 
Cells were thawed on ice, 5 μL of reaction added, mixed 
gently, then incubated on ice for 30 min. Cells were heat-
shocked at 42ºC for 30 sec, then placed on ice again for 
1–2 min. Next, 250 μL of SOC media (Sigma Chemical, St. 
Louis, MO) was added, and transformed cells incubated at 
37ºC with shaking for 1 h. Finally, 100–150 μL was plated 
onto LB agar plates containing ampicillin (100 μg/mL) 
and incubated overnight at 37ºC. Generally, 100–500 
colonies appeared on the plate the next day and were 
ready for further analysis. Our success rate has been over 
95%. Failures are usually an insufficient number of clones 
appearing on the plate. This situation can frequently be 
rectified by plating more of the transformation mixture or 
repeating the transformation.

Plasmid DNA has been isolated from these satura-
tion libraries using a QIAGEN Miniprep Kit (Valencia, 
CA) and analyzed by DNA sequencing. Figure 1 shows 
one selected randomized site. Approximately equal quan-
tities of the four bases can be seen at each position of the 
codon. This was not the case when mutagenesis reactions 
were electroporated into cells. Here, a larger proportion of 
wild-type bases was present. The reason for this is unclear, 
but may be due to the presence of intact undigested paren-
tal plasmid, which may be more efficient at electroporat-
ing cells than newly synthesized, unligated mutant DNA 
molecules.
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FiguRe 1

DnA sequencing of a site-directed mutagenesis library. DnA was 
isolated from the library using a qiAGen qiAprep spin miniprep 
Kit (Valencia, cA), and sequenced using an infrared dye–labeled 
primer on a li-coR model 4200 Automated sequencer (lincoln, 
ne). The randomized three positions of the codon are clearly 
visible.
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