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Abstract
Site-saturation mutagenesis (SSM) has been used in directed evolution of proteins for a long time. As a special form of saturation
mutagenesis, it involves individual randomization at a given residue with formation of all 19 amino acids. To date, the most
efficient embodiment of SSM is a one-step PCR-based approach using NNK codon degeneracy. However, in the case of difficult-
to-randomize genes, SSM may not deliver all of the expected 19 mutants, which compels the user to invest further efforts by
applying site-directed mutagenesis for the construction of the missing mutants. To solve this problem, we developed a two-step
PCR-based technique in which a mutagenic primer and a non-mutagenic (silent) primer are used to generate a short DNA
fragment, which is recovered and then employed as a megaprimer to amplify the whole plasmid. The present two-step and older
one-step (partially overlapped primer approach) procedures were compared by utilizing cytochrome P450-BM3, which is a
Bdifficult-to-randomize^ gene. The results document the distinct superiority of the newmethod by checking the library quality on
DNA level based on massive sequence data, but also at amino acid level. Various future applications in biotechnology can be
expected, including the utilization when constructing mutability landscapes, which provide semi-rational information for iden-
tifying hot spots for protein engineering and directed evolution.

Keywords Directed evolution . Site-saturation mutagenesis . Megaprimer . Library quality . P450 monooxygenase . Mutability
landscapes

Introduction

Saturation mutagenesis (SM) is a protein engineering tech-
nique that has long been applied in directed evolution of pro-
teins (Wells et al. 1985; Miyazaki and Arnold 1999). SM at a
single residue site, which has been called site-saturation

mutagenesis (SSM), is widely used to generate all 19 amino
acid variants. More recently, SSM has been employed in the
construction of mutability landscapes for probing protein se-
quence–function relationships (Acevedo-Rocha et al. 2018;
Hecht et al. 2013; van der Meer et al. 2016a, 2016b).
Information-rich sequence–function maps obtained from such
mutability landscapes allow researchers to address various
problems, including the generation of biomolecular fitness
landscapes (Hietpas et al. 2011; Firnberg et al. 2014;
Melnikov et al. 2014; Stiffler et al. 2015; Klesmith et al.
2015), therapeutic protein optimization (Whitehead et al.
2012), high-resolution conformational epitope mapping
(Kowalsky et al. 2015), and the engineering of protein selec-
tivity (van derMeer et al. 2016a, 2016b) or binding (Park et al.
2015). A variety of different SM and SSM molecular biolog-
ical methods have been employed during the past two decades
(Arndt and Müller 2007; Dominy and Andrews 2003;
Georgescu et al. 2003; Hogrefe et al. 2002; Kirsch and Joly
1998; Zheng et al. 2004; Reetz 2004; Wrenbeck et al. 2016;
Haller et al. 2016). Currently, the most popular approach is the
Stratagene QuikChange™ method, which is based on the use
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of overlapping antiparallel oligonucleotides encoding degen-
erate codons (Hogrefe et al. 2002). It has proven to be very
successful for simple site-directed mutagenesis in so-called
rational design of mutant enzymes, but it has some drawbacks
when applied to SSM. The PCR reaction is a linear, rather than
an exponential amplification process due to the completely
overlapped primers (Xia et al. 2015). Since the products from
the first cycle cannot serve as templates for subsequent
rounds, the PCR amplicon yield is rather low, which means
that it is very difficult to obtain the desired number of colonies
after transformation (Sullivan et al. 2013). To overcome this
problem, different approaches have been developed by using
partially overlapped (Zheng et al. 2004) or even non-
overlapping primers (Kirsch and Joly 1998), where the
resulting amplicon is used as a megaprimer (Sarkar and
Sommer 1990;Miyazaki and Takenouchi 2002), thereby com-
pleting the plasmid amplification in a second stage PCR.
However, these methods fail in the case of recalcitrant targets,
especially when cloned in large plasmids, or templates with
extensive secondary structures, very AT- or GC-rich base
compositions, or long short tandem repeats such as human
insulin receptor and kinase (Korbie and Mattick 2008;
Sahdev et al. 2007). Other examples of difficult-to-
randomize templates include epoxide hydrolase from
Aspergillus niger, lipases from Pseudomonas aeruginosa
and Candida antarctica, and P450-BM3 from Bacillus
megaterium (ATCC 14581) (Sanchis et al. 2008), which is
in particular a challenging gene of long length (3.3 kb DNA
length, GenBank accession number: NZ_CP009920.1) and
with very AT-rich (55% in average, but there are regions that
exhibit > 60%) base compositions that cannot be randomized
easily by traditional QuikChange procedures (Acevedo-
Rocha et al. 2015). An improved method of a single two-
stage whole-plasmid PCR based on non-overlapping primers
was then developed for P450-BM3 genes (Sanchis et al.
2008), but the improved technique is far from perfect for gen-
erating high-quality SSM and combinatorial libraries, as
shown for BM3 (Hoebenreich et al. 2015). More importantly,
in all the above studies, a statistical analysis based on
oversampling and massive gene sequencing was not per-
formed, which means that a reliable assessment of library
quality at gene level was not possible and certainly not at
protein level either. Subsequently, a promising method for
creating and evaluating SSM libraries was developed for
another Bdifficult-to-randomize^ gene, an Old Yellow
Enzyme enoate reductase (Sullivan et al. 2013), based on
the Reymond primer design approach (Fig. 1a) (partially
overlapped primers region to 25 bp) (Zheng et al. 2004).
Nevertheless, a statistical analysis based on oversampling
factor of 3 showed that the quality of the created libraries
was still not fully satisfactory with a relatively high percent-
age of parental template (up to 31%). Therefore, a robust
and accessible method for the construction of high-quality,

user-defined SSM libraries is lacking, especially when re-
calcitrant gene templates are involved.

In this study, we developed a two-step PCR approach
with non-overlapping primers to perform SSM using an
enzyme which constitutes a challenge because, as men-
tioned above, it involves a difficult-to-randomize gene:
cytochrome P450-BM3 (Sanchis et al. 2008). According
to the new approach, NNK-based library construction is
performed with only two primers. This technique is usu-
ally more economical than the Trick22c (Kille et al. 2013)
and Tang-20c (Tang et al. 2012) strategies, which require
more than two primers. Statistically, it is much cheaper to
perform NNK mutagenesis, followed by site-directed mu-
tagenesis to obtain the missing mutants (Nov et al. 2013).
In the first step of our new strategy, a mutagenic primer
and a non-mutagenic (silent) primer are used to perform
the first PCR for 28 cycles to obtain short DNA frag-
ments. The recovered DNA fragments then serve as a
megaprimer to perform the second PCR for whole plas-
mid amplification with 24 cycles, and the resulting
amplicons are digested with Dpn I to eliminate the paren-
tal template, followed by transformation into Escherichia
coli BL21 (DE3) and final library harvesting (Fig. 1b).

For comparison, we also employed the previously best
technique based on partially overlapping oligos for the same
SSM library construction. The two approaches were system-
atically analyzed and compared by massive sequencing at dif-
ferent oversampling factors.

Materials and methods

Materials

KOD Hot Start DNA Polymerase was obtained from
Novagen. Restriction enzyme Dpn I was bought from NEB.
The oligonucleotides were synthesized by Life Technologies/
Thermo Fisher Scientific. Plasmid preparation kit was ordered
from Zymo Research, and PCR purification kit was bought
from QIAGEN. DNA sequencing was conducted by GATC
Biotech. All commercial chemicals were purchased from
Sigma-Aldrich, Tokyo Chemical Industry (TCI), or Alfa
Aesar. The P450-BM3 gene from B. megaterium was con-
structed accordingly, and the sequence is shown in the
Supplementary Materials (Fig. S1).

Site-saturation mutagenesis library construction
strategies

The NNK-based SSM libraries were constructed using the
one-step PCR approach as well as the two-step PCR ap-
proach. For the one-step PCR approach (Fig. 1a), a pair of
partially overlapping mutagenic primers is used to
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perform the PCR reaction; to incorporate mutations using
plasmid pRSFDuet-1 harboring P450-BM3 gene as tem-
plate for whole plasmid amplification, the PCR amplicons
were digested with Dpn I at 37 °C for 6 h and subjected to
transformation and library harvest. For the two-step PCR
strategy (Fig. 1b), a pair of primers consisting of one
forward mutagenic primer and one non-mutagenic reverse
primer (or one non-mutagenic forward primer and one
reverse mutagenic prime, which depends on the position
of the mutational site) was used to perform the PCR
reaction for incorporating designed mutations using
pRSFDuet-1 harboring P450-BM3 gene as template.
The recovered amplified short DNA fragments (ca.
500 bp in length) as megaprimers were purified and
then used in the second PCR reaction to amplify the
whole plasmid. Finally, the PCR amplicons were
digested with Dpn I at 37 °C for 6 h and subjected to
transformation and library harvesting.

PCR amplifications

Based on the method of Reymond (Zheng et al. 2004), the
designed degenerate primers containing NNK (forward prim-
er) and MNN (reverse primer) mixtures of bases were used in
the one-step PCR approach (Table S1). The primer mixtures
containing one forward primer (with NNK codes) and one
non-mutagenic reverse primer (or one reverse primer with
MNN codes and one non-mutagenic forward primer) were
employed in the two-step PCR strategy (Table S1). Each
PCR reaction mixture (50 μL) contained 30 μL water, 5 μL
KOD hot start polymerase buffer (10×), 3 μL 25 mMMgSO4,
5 μL 2 mM dNTPs, 2.5 μL DMSO, 0.5 μL (50~100 ng)
template DNA, 100 μM primers mix 0.5 μL each (1 μL
300 ng/μL for megaprimer), and 1 μL KOD hot start poly-
merase. The PCR conditions for short fragment amplification
were as follows: 95 °C 3 min (95 °C 30 s, 56 °C 30 s, 68 °C
40 s) × 28 cycles, 68 °C 120 s, 16 °C 30 min. PCR conditions

F

R

F’

R’
Template
dsDNA

or Template 
dsDNA

or

Mutants
dsDNA

Mutants
dsDNA

PCR with mutagenic 
primers to incorporate 

mutations   

Recovered DNA 
fragments as 

megaprimers to run 
PCR   

PCR to  perform  
whole plasmid 

amplication Degrade template 
with Dpn I and 
transform into 

host cell 

Plate onto agar 
plate and harvest 

the library 

PCR with partial overlap 
mutagenic primers to 

incorporate mutations whole 
plasmid amplication

Degrade template with 
Dpn I and transform 

into host cell 

R

F

Template
dsDNA

Template
dsDNA

Plate onto agar plate and harvest 
the library 

A

B

Fig. 1 a Standard SSM library construction using the one-step PCR
approach with partially overlapping primers. A pair of partially
overlapping mutagenic primers is used to perform the PCR reaction for
incorporating mutations using plasmid pRSFDuet-1 harboring P450-
BM3 gene as template; PCR reaction is performed to amplify the whole
plasmid, and digestion with Dpn I is conducted to eliminate the parent
template, followed by transformation into E. coli BL21 (DE3) and library
harvesting. b New SSM library construction using the two-step PCR
approach with a mutagenic primer and a non-mutagenic (silent) primer.
A pair of primers consisting of one forward mutagenic primer and one

reverse primer (or one forward primer and one reverse mutagenic prime,
depending on the mutational position) is used to perform the PCR
reaction for the purpose of incorporating designed mutations using
pRSFDuet-1 harboring P450-BM3 gene as template. The amplified
short DNA fragments (500 bp in length) containing mutations are
recovered and subjected to the second PCR reaction as megaprimers.
To amplify the whole plasmid, digestion with Dpn I is conducted to
eliminate the parent template, followed by transformation into E. coli
BL21 (DE3) and library harvesting
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for amplification of the whole plasmid were as follows: 95 °C
3 min (95 °C 30 s, 60 °C 30 s, 68 °C 5 min 30 s) × 24 cycles,
68 °C 10 min, 16 °C 30 min.

Library generation and evaluation

After Dpn I digestion, the PCR amplicons (2 μL) were
directly transformed into 100-μL electrocompetent E. coli
BL21 (DE3). After adding 900-μL SOC medium, the
cells were recovered at 37 °C for 1 h and then spread
onto two agar plates containing kanamycin (50 μg/mL)
with 400- and 600-μL cell cultures, respectively. After
incubating for 12–16 h at 37 °C, colonies from one agar
plate (600 μL) were collected and re-suspended by adding
1 mL distilled water, followed by plasmid extraction. This
Bpooled^ plasmid sample was then sequenced, and the
resulting capillary electropherograms were assessed
(Figs. S2–S6) and the Qpool values were calculated to
evaluate the degeneracy based on the reported method
(Sullivan et al. 2013). Ninety-six individual colonies were
picked from another plate and inoculated into 400 μL of
LB containing 50 μg/mL kanamycin in a 2-mL 96-well
plate. This plate was grown for 12–16 h at 37 °C and
220 rpm; then, 120-μL portions of each saturated culture
were transferred to a 0.5-mL 96-well plate containing
50 μL of sterile glycerol (70%, v/v). Individual plasmid
DNA was sequenced by automated rolling circle
amplification/fluorescence sequencing protocols which
was provided by GATC Biotech.

Results

Comparison of library sequencing results

Following the workflows of Fig. 1a, b, SSM libraries
using P450-BM3 as template were created by NNK-
based randomization at selected single positions Y51,
S72, L75, L437, and T438 which line the binding pocket
at the Fe-heme domain where catalysis occurs (see the
complete sequence of P450 gene in Fig. S1).

We began our study by first testing the partially over-
lapped primer approach (see primer design in Table S1) to
perform the NNK-based SSM experiments at the selected
positions. To achieve theoretical 95% library coverage, 96
colonies of on the agar plates (based on oversampling
factor of 3) for each individual NNK library were used
for sequencing (see sequencing results in Table S2),
followed by assessment of quality and diversity. As
shown in Table 1, for all of the NNK SSM libraries, a
total of 458 complete sequences were obtained, and 22

failed to yield usable sequence data. The number of amino
acids identified in each SSM library averaged 16.8 ± 2.2,
which corresponds to 84 ± 11% yield in a library sample
size of 96 members. At the codon level, an average of
24.8 ± 2.1 codons of the 32 possible were found (corre-
sponding to 77.5 ± 6.5% yield) in a NNK library of 96
members. However, the template contamination is very
high, and the fraction of wild-type sequence averaged
41.4 ± 6.6%. All libraries contain > 30% wild-type se-
quence. The wild-type codon sources are mainly from
parent template that survived the Dpn I digestion and
the wild-type codon present in the NNK primer mixture.
Therefore, although it has been shown that in the case of
an enoate reductase this method works better than earlier
approaches (Sullivan et al. 2013), it performs poorly when
turning to the more challenging difficult-to-randomize
gene P450-BM3.

We then turned our attention to the two-step PCR ap-
proach according to Fig. 1b, the corresponding five NNK
libraries being the goal for comparison purposes. Instead
of using partially overlapped primers, a mutagenic primer
and a non-mutagenic (silent) primer (Table S1) were used
to generate a short DNA fragment, which was recovered
and then employed as a megaprimer to amplify the whole
plasmid, as reported elsewhere (Sanchis et al. 2008). The
assessment of quality and diversity of the libraries is pre-
sented in Table 1. In this case, a total of 459 complete
sequences were obtained (see sequencing results in
Table S3), the number of amino acids identified in each
SSM library averaging 19.0 ± 0.7 (corresponding to 95 ±
4% yield), and an average of 29.2 ± 1.1 codons of the 32
possible being found (corresponding to 91.3 ± 3.4%
yield). Moreover, the fraction of wild type is only 4.8 ±
2.2%, i.e., all libraries contain < 10% wild type.

These data demonstrate that the present two-step PCR
technique is clearly more efficient than the alternative
Reymond approach (Zheng et al. 2004) which has previ-
ously been shown to be best for other templates. For
quality control, we also determined the Qpool value, ob-
tained from the pooled plasmid after initial transforma-
tion (see sequencing chromatograms in Figs. S2–S6) as
developed by Stewart and coworkers (Sullivan et al.
2013). As a result, much higher Qpool values were
achieved from the two-step PCR approach relative to that
of the one-step PCR process. Although a Qpool value of
> 0.70 has been proposed as threshold to obtain a repre-
sentative number of samples (Sullivan et al. 2013), in
several cases, we obtained almost all 19 mutants even
when Qpool values vary from 0.31 to 0.82 in the present
study (Table 1) and from 0.48 to 0.55 elsewhere
(Acevedo-Rocha et al. 2015). For this reason, the Qpool
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value is a good measure of effective randomization, but it
does not guarantee the creation of all target variants. In
addition, the number of colonies developed on the agar
plates based on 200-μL cell culture was also compared
(Fig. S7). An average of ~ 1000 colonies were formed
from the two-PCR step approach, which is distinctly
higher than that of the one-PCR step approach (average
of only ~ 200 colonies), meaning that more usable frag-
ments are formed with the two-step PCR approach. This
demonstrates once more the superiority of the non-
overlapping two-step PCR method.

Assessing library quality in terms of genetic
and residue diversity

The comparison of genetic diversity and residue diversity
based on oversampling factors from 1 to 3 for individual
SSM libraries was also conducted. As shown in Fig. 2,
both genetic and residue diversity of the SSM libraries
generated with the two-step PCR method are much better
than the one-step PCR method. More importantly, when
using the two-step PCR method, residue diversity also
reached the maximum value with an oversampling factor

of 2 in some cases of libraries (Fig. 2b), indicating that
oversampling by a factor of 3 may not be necessary.

Assessing library quality in terms of residue
distribution

The residue distribution for individual SSM library was
further analyzed for both one-step and two-step PCR
methods based on oversampling factor of 3. As shown
in Fig. 3, high degree of parental amino acid bias is
present in the one-step method with the distribution
values ranging from 39 to 51% (Fig. 3a), while parental
amino acid distribution values were greatly reduced in
the two-step method (5–19% distribution for wild type)
(Fig. 3b). In addition, overall, fewer residues were
missed in the libraries created with the two-step vs.
one-step PCR method. In library Y51X, two (Asp,
Ala) and one (His) residues were missed for the one-
and two-step PCR method, respectively (Fig. S8A). In
library S72X, five (Asp, Glu, Ile, Trp, Ala) residues
were missed with the one-PCR method, while only
one (Gly) could not be obtained by the improved meth-
od (Fig. S8B). In the case of library L75X, two residues
(Glu, Gly) were not generated using the old method and

Table 1 Comparison of one-step
and two-step PCR approaches for
NNK-based SSM Libraries

Number of
sequences
obtaineda

Number of
amino acids
presentb

Number of
codons
presentc

Percent
wild
typed

Qpool value
from pooled
plasmidse

One-step
PCR
method

Y51X 91 18 25 48 0.30

S72X 92 15 24 34 0.40

L75X 91 18 28 35 0.44

L437X 93 14 22 43 0.59

T438X 91 19 25 47 0.31

Two-step
PCR
method

Y51X 91 19 30 4 0.43

S72X 92 19 28 5 0.47

L75X 92 19 30 2 0.74

L437X 93 20 30 5 0.82

T438X 91 18 28 8 0.67

a Number of colonies with complete sequence, which was obtained after sequencing 96 colonies for each library
bNumber of different amino acids found within the sequence data for a given library (NNK primers theoretically
encompass all 20 amino acids with different distributions)
c Number of different codes found within the sequence data for a given library (NNK primers theoretically
encompass all 32)
d Fraction of the sequenced clone that contains the starting codon at the targeted position (assumed to result from
wild-type carryover)
e Calculated for the entire codon from sequence data obtained from the pooled plasmids isolated after the initial
transformation according to the method reported (Sullivan et al. 2013), the weighted average across the three
bases of a codon yields a Qpool value between 0 and 1, with 1 indicating perfect randomization
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only one (Gln) was not sampled with the new method
(Fig. S8C). Most significantly, the two-step method gen-
erated all 19 mutants, whereas the one-step method
failed to provide six residues (Asp, Glu, Met, Trp,

Gly, Pro) in library L437X (Fig. S8D). Lastly, one ami-
no acid (Glu) was missed by the one-step PCR method,
while two residues (Phe, Gly) were not sampled using
the two-step PCR method in library T438 (Fig. S8E).

Fig. 3 Residue distribution
(expressed in percentage) at each
NNK-based SSM library for both
one-step PCR (a) and two-step
PCR (b) methods based on
oversampling factor of 3. The
theoretical distribution (expected
distribution value) for each
residue in a given NNK-based
SSM library is shown with black
bar. In some cases which exceed
the scope are shown with Arabic
numerals

Fig. 2 Genetic diversity (a) and residue diversity (b) for eachNNK-based
SSM library for both one-step PCR (blue bar) and two-step (red bar) PCR
methods based on different oversampling factors. Genetic diversity is
defined by the ratio of the number of codons obtained after sequencing

to the number of theoretically possible codons expected (32) expressed in
percentage; residue diversity is defined by the ratio of the number of
residues obtained after sequencing to the number of theoretically
possible residues expected (20) expressed in percentage
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Statistical analysis for all SSM libraries at both codon
and residue levels

Next, at both codon and residue levels, individual codons and
identified amino acids were statistically analyzed and compared
in all SSM libraries (458 complete sequences for one-step
method and 459 complete sequences for two-step method).
For the one-step PCR method (Fig. 4), most codons deviated
from the expected frequency based on random base

replacement. Among the 32 codons, most of them are poorly
represented (lower frequency than the expected values), the
highest frequency codon proved to be ACG (Thr) with a total
number of 52 and to lesser extent codon of CTT (with a total
number of 38). This was mainly caused by the wild-type car-
ryover from parent template survival and wild-type codon pres-
ent in the NNK primer. In contrast, for the SSM libraries con-
structed by the non-overlapping two-step PCR method, as
shown in Fig. 4b, most codons are near the expected frequency
(Fig. 4b), with only a slight deviation in some cases, such as
TAT (Tyr) and AAT (Asn).

Finally, the comparison of amino acid distributions across
all SSM libraries between the two methods was conducted
(Fig. 5a, b). Different from the codon distribution, residues
are not expected in equimolar amounts, since an NNKmixture
contains multiple codons for some amino acids. However, a

0

20

40

60

Stop(TAG)
Ala(GCG)

Ala(GCT)
Cys(TGT)

Asp(GAT)

Glu(GAG)

Phe(TTT)

Gly(GGG)

Gly(GGT)

His(CAT)

Ile(ATT)

Lys(AAG)

Leu(CTG)

Leu(CTT)
Leu(TTG)

Met(ATG)
Asn(AAT)

Pro(CCG)
Pro(CCT)

Gln(CAG)

Arg(AGG)

Arg(CGG)

Arg(CGT)

Ser(AGT)

Ser(TCG)

Ser(TCT)

Thr(ACG)

Thr(ACT)

Val(GTG)

Val(GTT)
Trp(TGG)

Tyr(TAT)

0

20

40

60

Stop(TAG)
Ala(GCG)

Ala(GCT)
Cys(TGT)

Asp(GAT)

Glu(GAG)

Phe(TTT)

Gly(GGG)

Gly(GGT)

His(CAT)

Ile(ATT)

Lys(AAG)

Leu(CTG)

Leu(CTT)
Leu(TTG)

Met(ATG)
Asn(AAT)

Pro(CCG)
Pro(CCT)

Gln(CAG)

Arg(AGG)

Arg(CGG)

Arg(CGT)

Ser(AGT)

Ser(TCG)

Ser(TCT)

Thr(ACG)

Thr(ACT)

Val(GTG)

Val(GTT)
Trp(TGG)

Tyr(TAT)

A

B

Fig. 4 Codon distributions across all NNK-based SSM libraries for both
one-step PCR (a) and two-step PCR (b) methods. The aggregate number
of occurrences of each codon in all five of the SSM libraries is listed with
a maximum of 60 in the center of the plot. This scale was chosen based on
the number of occurrences of the most commonly observed codon (ACG)
in the one-step PCR approach library. The dashed green line represents
the expected aggregate occurrence of each codon based on perfectly
random replacements at each position. Codons present from wild-type
carryover have been eliminated from the data for libraries of Y51X and
L437X, since the wild-type codes in both libraries cannot be generated
with NNK/MNN

Fig. 5 Residue distributions across all NNK-based SSM libraries for both
one-step PCR technique (a) and two-step PCR approach (b). The
aggregate number of occurrences of each amino acid in all five of the
saturation libraries is listed with a maximumof 70 in the center of the plot.
This scale was chosen based on the number of occurrences of the most
commonly observed amino acid (Leu) in the libraries constructed by the
one-step PCR approach. The expected aggregate occurrence of each
amino acid based on perfectly random replacements at each position is
also shown (green dashed lines)
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trend similar to the analysis at codon level was obtained: Most
residues deviated from the expected frequency in the SSM
library generated by the one-step PCR method, especially
for the residues Thr and Leu. In contrast, for the improved
method, most residues closely match the predicted level.
This type of analysis constitutes yet another way to demon-
strate the superiority of the two-step PCR approach with non-
overlapping primers.

Discussion

In this study, we have developed a two-step PCR method
for constructing NNK-based SSM libraries and compared
the results with the performance of the conventional ap-
proach based on partially overlapped primers in a one-
step PCR process, the difficult-to-randomize P450-BM3
gene template serving as the model system. This recalci-
trant system was specifically chosen in order to test our
strategy in difficult situations. The two-step PCR-based
technique is based on the use of a mutagenic primer and
a non-mutagenic (silent) primer with generation of a short
DNA fragment. The latter is recovered and then employed
as a megaprimer to amplify the whole plasmid. In order to
assess and compare both approaches, several statistical
techniques were employed. Distinctly higher efficiency
of the two-step approach was demonstrated by statistical
analysis based on oversampling factor of 3 at both codon
and amino acid levels. Moreover, the two-step PCR tech-
nique showed much better library quality in terms of re-
duced wild-type contamination and in approaching nearly
ideal codon and residue distributions. The difference in
efficacy has practical and economical significance. When
generating an incomplete set of single mutants using the
one-step PCR approach, the user needs to perform site-
specific mutagenesis for obtaining the missing mutants,
which means additional work and expenses (Acevedo-
Rocha et al. 2015).

In summary, the method described herein provides a supe-
rior means to create SSM libraries at single residue sites, thus
improving the ability to engineer enzymes on a semi-rational
basis. In particular, it can be expected to be viable when con-
structing mutability landscapes (Acevedo-Rocha et al. 2018;
Hecht et al. 2013; van der Meer et al. 2016a, 2016b) in the
quest to identify all Bhotspots^ at any place in the amino acid
sequence of an enzyme in a reliable manner. This kind of
information can be exploited subsequently for combinatorial
mutagenesis with generation of superior enzymes having de-
sired properties. Finally, we point out that the term Bquality of
a mutant library^ has been used many times in directed evo-
lution studies, generally on protein level referring to such en-
zyme properties as activity, selectivity, or stability. However,
this constitutes a restricted view. In contrast, the statistical

techniques of the type described herein for actually assessing
quality on DNA and subsequently also on amino acid level
provide a complete picture and enable the researcher to draw
relevant conclusions.

Funding information Open access funding provided Max Planck
Society. This study received a support from the Max-Planck-Society
and the LOEWE Research cluster SynChemBio. Aitao Li received a
financial support from the National Natural Science Foundation of
China (Grant No. 21702052).

Compliance with ethical standards

Conflict of interest The authors declare that they have no conflict of
interest.

Ethical statement This article does not contain any studies with human
participants or animals performed by any of the authors.

Open Access This article is distributed under the terms of the Creative
Commons At t r ibut ion 4 .0 In te rna t ional License (h t tp : / /
creativecommons.org/licenses/by/4.0/), which permits unrestricted use,
distribution, and reproduction in any medium, provided you give
appropriate credit to the original author(s) and the source, provide a link
to the Creative Commons license, and indicate if changes were made.

References

Acevedo-Rocha CG, Reetz MT, Nov Y (2015) Economical analysis of
saturation mutagenesis experiments. Sci Rep 5:10654

Acevedo-Rocha CG, Ferla M, Reetz MT (2018) Directed evolu-
tion of proteins based on mutational scanning. Methods Mol
Biol 1685:87–128

Arndt KM, Müller KM (2007) Protein engineering protocols (methods in
molecular biology), vol 352. Humana, Totowa

van der Meer J-Y, Biewenga L, Poelarends GJ (2016a) The generation
and exploitation of protein mutability landscapes for enzyme engi-
neering. Chembiochem 17:1792–1799

van der Meer JY, Poddar H, Baas BJ, Miao Y, Rahimi M, Kunzendorf A,
van Merkerk R, Tepper PG, Geertsema EM, Thunnissen AM, Quax
WJ, Poelarends GJ (2016b) Using mutability landscapes of a pro-
miscuous tautomerase to guide the engineering of enantioselective
Michaelases. Nat Commun 7:10911

Dominy CN, Andrews DW (2003) Site-directed mutagenesis by inverse
PCR. In: Casali N, Preston A (eds) Methods in molecular biology,
vol vol. 235. Humana, Totowa, pp 209–222

Firnberg E, Labonte JW, Gray JJ, OstermeierM (2014) A comprehensive,
high-resolutionmap of a gene’s fitness landscape.Mol Biol Evol 31:
1581–1592

Georgescu R, Bandara G, Sun L (2003) Saturation mutagenesis. In:
Arnold FH, Georgiou G (eds) Directed evolution library creation,
vol vol. 231. Humana, Totowa, pp 75–83

Haller G, Alvarado D, McCall K, Mitra RD, Dobbs MB, Gurnett CA
(2016) Massively parallel single-nucleotide mutagenesis using re-
versibly terminated inosine. Nat Methods 13:923–924

Hecht M, Bromberg Y, Rost B (2013) News from the protein mutability
landscape. J Mol Biol 425:3937–3948

Hietpas RT, Jensen JD, Bolon DNA (2011) Experimental illumination of
a fitness landscape. Proc Natl Acad Sci U S A 108:7896–7901

6102 Appl Microbiol Biotechnol (2018) 102:6095–6103



Hoebenreich S, Zilly FE, Acevedo-Rocha CG, Zilly M, Reetz MT (2015)
Speeding up directed evolution: combining the advantages of solid-
phase combinatorial gene synthesis with statistically guided reduc-
tion of screening effort. ACS Synth Biol 4:317–331

Hogrefe HH, Cline J, Youngblood GL, Allen RM (2002) Creating ran-
domized amino acid libraries with the QuikChange® multi site-
directed mutagenesis kit. BioTechniques 33:1158–1165

Kille S, Acevedo-Rocha CG, Parra LP, Zhang ZG, Opperman DJ, Reetz
MT, Acevedo JP (2013) Reducing codon redundancy and screening
effort of combinatorial protein libraries created by saturation muta-
genesis. ACS Synth Biol 2:83–92

Kirsch RD, Joly E (1998) An improved PCR-mutagenesis strategy for
two-site mutagenesis or sequence swapping between related genes.
Nucleic Acids Res 26:1848–1850

Klesmith JR, Bacik JP, Michalczyk R, Whitehead TA (2015)
Comprehensive sequence-flux mapping of a levoglucosan utiliza-
tion pathway in E. coli. ACS Synth Biol 4:1235–1243

Korbie DJ, Mattick JS (2008) Touchdown PCR for increased specificity
and sensitivity in PCR amplification. Nat Protoc 3:1452–1456

Kowalsky CA, Faber MS, Nath A, Dann HE, Kelly VW, Liu L, Shanker
P, Wagner EK, Maynard JA, Chan C, Whitehead TA (2015) Rapid
fine conformational epitope mapping using comprehensive muta-
genesis and deep sequencing. J Biol Chem 290:26457–26470

Melnikov A, Rogov P, Wang L, Gnirke A, Mikkelsen TS (2014)
Comprehensive mutational scanning of a kinase in vivo reveals
substrate-dependent fitness landscapes. Nucleic Acids Res 42:e112

Miyazaki K, Arnold FH (1999) Exploring nonnatural evolutionary path-
ways by saturation mutagenesis: rapid improvement of protein func-
tion. J Mol Evol 49:716–720

Miyazaki K, Takenouchi M (2002) Creating random mutagenesis librar-
ies using megaprimer PCR of whole plasmid. BioTechniques 33:
1033–1038

Nov Y, Fulton A, Jaeger KE (2013) Optimal scanning of all single-point
mutants of a protein. J Comput Biol 20:990–997

Park SY, Peterson FC,Mosquna A, Yao J, Volkman BF, Cutler SR (2015)
Agrochemical control of plant water use using engineered abscisic
acid receptors. Nature 520:545–548

ReetzMT (2004) Controlling the enantioselectivity of enzymes by direct-
ed evolution: practical and theoretical ramifications. Proc Natl Acad
Sci U S A 101:5716–5722

Sahdev S, Saini S, Tiwari P, Saxena S, Saini KS (2007) Amplification of
GC-rich genes by following a combination strategy of primer de-
sign, enhancers and modified PCR cycle conditions. Mol Cell
Probes 21:303–307

Sanchis J, Fernández L, Carballeira JD, Drone J, Gumulya Y, Höbenreich
H, Kahakeaw D, Kille S, Lohmer R, Peyralans JJ-P, Podtetenieff J,
Prasad S, Soni P, Taglieber A, Wu S, Zilly FE, Reetz MT (2008)
Improved PCR method for the creation of saturation mutagenesis
libraries in directed evolution: application to difficult-to-amplify
templates. Appl Microbiol Biotechnol 81:387–397

Sarkar G, Sommer SS (1990) The Bmegaprimer^ method of sitedirected
mutagenesis. BioTechniques 8:404–407

Stiffler MA, Hekstra DR, Ranganathan R (2015) Evolvability as a
function of purifying selection in TEM-1 β-lactamase. Cell
160:882–892

Sullivan B, Walton AZ, Stewart JD (2013) Library construction and eval-
uation for site saturationmutagenesis. EnzymeMicrob Tech 53:70–77

Tang L, Gao H, Zhu X,Wang X, ZhouM, Jiang R (2012) Construction of
Bsmall-intelligent^ focused mutagenesis libraries using well-
designed combinatorial degenerate primers. BioTechniques 52:
149–158

Wells JA, VasserM, Powers DB (1985) Cassette mutagenesis: an efficient
method for generation of multiple mutations at defined sites. Gene
34:315–323

Whitehead TA, Chevalier A, Song Y, Dreyfus C, Fleishman SJ, De
Mattos C, Myers CA, Kamisetty H, Blair P, Wilson IA, Baker
D (2012) Optimization of affinity, specificity and function of
designed influenza inhibitors using deep sequencing. Nat
Biotechnol 30:543–548

Wrenbeck EE, Klesmith JR, Stapleton JA, Adeniran A, Tyo KEJ,
Whitehead TA (2016) Plasmid-based one-pot saturation mutagene-
sis. Nat Methods 13:928–930

Xia Y, Chu W, Qi Q, Xun L (2015) New insights into the QuikChange™
process guide the use of Phusion DNA polymerase for site-directed
mutagenesis. Nucleic Acids Res 2015 43:e12

Zheng L, Baumann U, Reymond J-L (2004) An efficient one-step site
directed and site-saturation mutagenesis protocol. Nucleic Acids
Res 32:e115

Appl Microbiol Biotechnol (2018) 102:6095–6103 6103


	Boosting the efficiency of site-saturation mutagenesis for a difficult-to-randomize gene by a two-step PCR strategy
	Abstract
	Introduction
	Materials and methods
	Materials
	Site-saturation mutagenesis library construction strategies
	PCR amplifications
	Library generation and evaluation

	Results
	Comparison of library sequencing results
	Assessing library quality in terms of genetic and residue diversity
	Assessing library quality in terms of residue distribution
	Statistical analysis for all SSM libraries at both codon and residue levels

	Discussion
	References


