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ABSTRACT: Saturation mutagenesis probes define sections of the vast
protein sequence space. However, even if randomization is limited this
way, the combinatorial numbers problem is severe. Because diversity is
created at the codon level, codon redundancy is a crucial factor
determining the necessary effort for library screening. Additionally, due to
the probabilistic nature of the sampling process, oversampling is required
to ensure library completeness as well as a high probability to encounter
all unique variants. Our trick employs a special mixture of three primers,
creating a degeneracy of 22 unique codons coding for the 20 canonical
amino acids. Therefore, codon redundancy and subsequent screening
effort is significantly reduced, and a balanced distribution of codon per amino acid is achieved, as demonstrated exemplarily for a
library of cyclohexanone monooxygenase. We show that this strategy is suitable for any saturation mutagenesis methodology to
generate less-redundant libraries.
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Saturation or cassette mutagenesis1−3 is a powerful tool in
protein−protein interaction studies,4 protein engineering,5

and specially directed evolution6−11 because it allows the
focused exploration of defined segments of the vast protein
sequence space. Saturation mutagenesis can be performed at
one or multiple amino acid residues simultaneously, leading to
libraries with diverse protein variants.12−14 Importantly,
cooperative (non-additive) effects occur only when saturating
simultaneously more than one amino acid residue.15,16

However, if many positions are targeted simultaneously, the
diversity of a combinatorial library can have a staggering
vastness.17 For example, the saturation of 10 amino acids using
the 20 canonical ones has 2010 = 1.024 × 1013 possible
combinations! There are several strategies to overcome this
“numbers problem”.18 Obviously the most attractive is the
application of positive or negative selection strategies during
screening,19 but these are often restricted to case-specific
enzymes (e.g., aminoacyl-tRNA synthetases) and are not
generally applicable. Other strategies include display technol-
ogies (e.g., ribosome, phage, bacteria, and yeast) where huge
libraries can be generated and screened in a single experi-
ment.20 However, these require sophisticated equipment not
accessible to many researchers. Other more general strategies
for reducing the overall number of variants to a more
reasonable number are based on eliminating the genetic code
redundancy by using limited amino acid sets or alpha-
bets.4,18,21−23 Reduced semirationally selected amino acid

alphabets avoid the generation with libraries of infinite size,
making this approach certainly more efficient when compared
to random ones.24−28 Efficient experimental semirational
approaches include Gene Site Saturation Mutagenesis
(GSSM),29 Structure-based COmbinatorial Protein Engineer-
ing (SCOPE),30 and Combinatorial Active-site Saturation Test
(CAST),31 which can be systematized in the form of Iterative
Saturation Mutagenesis (ISM).32 Computer-based semirational
approaches are also useful to create combinatorial libra-
ries.24,33−37 Yet library design is often suboptimal,38 which
can lead to unnecessary screening, waste of resources, and
misinterpretation of results. This is partially caused by the
redundancy of the genetic code because the 20 canonical amino
acids are disproportionally coded by 61 sense codons, i.e., some
amino acids are encoded only by a single codon (e.g.,
methionine and tryptophan), while others are encoded by up
to six different codons (e.g., arginine, serine, and leucine).
Thus, the proportion of highly encoded amino acids will be
much higher than the lesser (under) represented ones when
increasing the sites of randomization. For example, the
theoretically ratio of serine to tryptophan is 36:1 and 216:1
for randomization sites comprising two or three amino acids
positions, respectively.39
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To reduce the amino acid bias of the genetic code, the most
common approach is to generate libraries using degenerate
(formerly referred to as contaminated, doped, spiked) oligos
that can be produced during their chemical synthesis. To fully
explore the probed protein sequence space, the degenerate
codons NNK or NNS (N = A/T/G/C; K = T/G and S = G/
C) are normally chosen, because they encode all 20 amino acids
with the lowest redundancy and price (a single oligo).
However, because the NNK/S degeneracy still contains three
codons for arginine, leucine, and serine and two codons for the
five amino acids alanine, glycine, proline, threonine, and valine,
the redundancy is not completely eliminated and a certain
amino acid bias is still present.
To overcome these drawbacks some techniques make use of

specially prepared phosphoramidite solutions of mono- (known
as MAX),39 di-,40 or trinucleotides13,41 during the synthesis of
the growing oligonucleotide. However, although these
techniques eliminate the redundancy and provide full random-
ization with 20 codons, none is routinely used for saturation
mutagenesis due to practical reasons such as the requirement of
a DNA synthesizer or high special handling charges.
Furthermore, gene synthesis with a defined set of 20 codons
per saturated residue still remains expensive and is therefore
not ideal for practical, routinely applications.
As already pointed out, another strategy to obtain

redundancy-free libraries is a more stringent restriction of the
probed part of the sequence space.4,18,21−23 This can be
achieved by using degenerate codons encoding amino acid
alphabets of less than 20 members exhibiting certain properties
such as hydrophilicity (VRK, 12:8 codons:amino acids),
hydrophobicity (NYC, 8:8 respectively), small size (KST, 4:4
respectively), charge (RRK, 8:7 respectively), or balanced
nature (NDT, 12:12 respectively).22,42,43 Indeed, we have
repeatedly employed NDT and other codon degeneracies in
the successful quest to enhance enantioselectivity and rate of
different enzymes, demonstrating the use of reduced amino
acid alphabets for reducing the screening effort drastically.7,18

Information obtained by bioinformatic techniques such as
database analysis can help in identifying the codon degeneracy
of choice, an approach that was first demonstrated for a
Baeyer−Villiger monooxygenase23 and later for a hydrolase.44

However, if the targeted region of a protein is of unknown
function, it may be advisable to saturate with all 20 amino
acids.45

Ideally, the number of codons should be equal to the number
of amino acids, as has been shown practically18 and
mathematically.46 Since all available degenerate bases47 and
triplet combinations thereof are not able to encode the 20
canonical amino acids in a single degenerate primer,22,42,43 we
realized that the combination of more than one degenerate
primer could be a simple solution. Previously, we partially
eliminated codon redundancy and subsequently screening effort
by mixing in equimolar concentrations nine defined primers,
from which eight encoded a specific codon and one primer
carried the NDT degeneracy (12 codons), thereby generating a
codon to amino acid ratio of 20:20.48

In the present paper, we have generalized this concept by
mixing conventional degenerate oligonucleotides, which allows
the researcher to create saturation mutagenesis libraries in
which the number of gene sequences is almost equal to the
number of protein sequences covering all 20 amino acids. We
compare our approach with the commonly used NNK
degeneracy not only by applying a statistical analysis for library
coverage to explore the effect of codon redundancy removal on
screening effort but also by experimentally validating the
effectiveness of our approach using a model stereoselective
enzyme. Finally, we applied this simple trick when creating
randomized libraries at one and two positions in several
proteins at both optimal and suboptimal conditions affecting
library quality, followed by a quality control analysis, an
important factor often neglected in directed evolution studies.

■ RESULTS AND DISCUSSION

Reducing Codon Redundancy. A common approach to
reduce the redundancy in the genetic code, while saturating all
20 amino acids, is the use of NNK/S degenerate primers
encoding 32 distinct codons. This 2-fold reduction from the
original 64 codons can be further reduced to 22 codons by
mixing a total of three oligonucleotides: two degeneracy
carrying primers, one with NDT (12 unique codons) and the
other with VHG (9 unique codons), and a TGG containing
primer (one codon). We call this the “22c-trick”, which reduces
the genetic code redundancy up to a codon to amino acid ratio
of 22:20. This mixture contains no stop codons and only two
redundant sets for valine (GTT, GTG) and leucine (CTT,
CTG). The stepwise reduction of codon redundancy for all
canonical amino acids is schematized in Figure 1.

Figure 1. Different redundancies of the genetic code encoding all 20 amino acids represented in sun format. The redundancy of the genetic code can
be reduced from 64 codons (left) to 32 codons (center) using a NNK/S degenerate primer or even further to 22 codons (right) using the
appropriate combination of degenerate primers NDT (N = A/T/C/G, D = no C) and VHG (V = no T, H = no G) with a non-degenerate TGG (W;
tryptophan) primer. In this radial or sun representation of the genetic code, the codons are read from the most inner circle to the outside. Encoded
amino acids are presented in one letter code in the outer gray shell.
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To generate a 22c-trick library, the total number of
synthesized oligonucleotides depends on (i) the technique
employed, e.g., QuikChange(QC),49 MegaPrimer (MP),50 or
overlap-extension PCR (OE-PCR);51 (ii) the number of
residues to be saturated; and (iii) the distance between these
residues in the gene sequence. The distance between the
individual residues often dictates what technique is more
suitable. For a single amino acid residue, 3 forward or reverse
primers harboring the NDT, VHG, and TGG combinations
could suffice for MP and OE-PCR, but 6 primers are necessary
for other techniques such as QC. If two or three residues of
close proximity are randomized, a total of 9 or 27 primers,
respectively, need to be synthesized for techniques using only a
sense or antisense primer, but these numbers double to 18 and
54 when both primers are needed. Supplementary Table S1 lists
the necessary ratios for mixing primers containing the NDT,
VHG, and TGG combinations to generate libraries targeting
one, two, or three residues using the 22c-trick.
We are using our technique in several ongoing directed

evolution projects, and during the writing of the present paper
Tang et al.52 reported a similar strategy termed “small-
intelligent”. They used instead 4 primers with two degeneracies
(NDT, VMA) and two coding sequences (ATG, TGG),
reducing completely codon redundancy while targeting all 20
amino acids. The attractive feature of this approach lies in a
complete theoretical absence of amino acid bias, and both
degeneracies are suitable for E. coli codon usage. Nevertheless,
both approaches have advantages and disadvantages. The ideal
case of a codon to amino acid ratio of 20:20 provides the library
with the smallest possible set of combinatorial variants.
Obviously, the total number of primers should be as low as
possible, since this grows with n-residues to be saturated,
thereby increasing exponentially the costs of synthesis.
Certainly, for one site the “small-intelligent” approach requires
4 equimolar mixed sense or antisense primers, but the number
can double to 8 depending on the technique. Similarly, a
significantly higher number is required when targeting two or
three residues: 16 or 64 in the case of sense or antisense and 32
or 128 sense and antisense individually synthesized primers,
respectively. In either strategy the reduction of codon
redundancy is essential for reducing the screening effort of
any designed library.
Reducing Screening Effort. Screening effort refers to the

number of samples required to analyze the protein sequence
space targeted by saturation mutagenesis. Due to the stochastic
nature of the sampling process, the number of samples, i.e., the
screening effort, must be properly defined. This can be
theoretically calculated with one of the two following concepts.
Library Coverage deals with the number of colonies obtained
after transformation, i.e., the proportion of the probed variant
space (total amount of theoretical possible variants) of a
generated library and the proportion of the variant space
covered by picking a certain number of samples. Another factor,
the f ull coverage probability, calculates the likelihood of
sampling the complete variant space. These factors, have
been mathematically developed46,53,54 and exemplified.38 This
assumes that all variants have a defined probability to be
present (independent of biological factors and practical
conditions), which is certainly not the case in library generation
(vide inf ra). Whereas a high full coverage probability requires
between 10- to 25-fold oversampling, only a factor close to 3-
fold is required for 95% library coverage of the variant space.53,54

Obviously, the former oversampling numbers are beyond

technical55 and physical (amount of DNA)38 limitations, and
some researchers prefer using instead the oversampling factor
of ∼3 to determine library size.18 Using this factor, library size
can be calculated with the following formula:54

= − −L V Fln(1 ) (1)

where L = number of samples, library size or screening effort; V
= total number of possible variants Xn (where X and n denote
the number of codons and saturated residues, respectively); and
F = fractional library completeness, e.g., 0.95 for 95%. For
example, when one amino acid residue is targeted by NNK/S,
96 colonies [L = −321 ln(1 − 0.95)] are necessary to cover
95% of the variants. In contrast, when using the 22c-trick, only
66 (∼3 times 22) colonies need to be sampled. These numbers
also indicate the minimum number of colonies that a given
transformation should yield; otherwise the library would
contain less than 95% of the variant space.
Importantly, the redundancy of the genetic code blows up

the size of the library, since various codons encoding the same
amino acids and junk sequences such as stop codons are not
eliminated in NNK/S or NNN.18 With the removal of almost
all redundancy, the screening effort is significantly decreased by
32% using our approach when saturating one residue. Similarly,
if a library is diversified to NNK/S at two positions, it will
contain 1024 (322) sequences but 400 unique variants. Thus, in
order to screen a fraction of 95% of these, 3068 (∼3 times
1024) clones must be sampled (Figure 2). Here again, if our

22c-trick is instead applied for the same coverage, it means that
only 1450 [∼3 times 484 (222)] colonies need to be sampled
(Figure 2). Thus, the 22c-trick decreases the screening effort by
53% for a 2-residue site.
Whereas the above numbers can usually be handled by

medium-throughput assays such as automated GC or HPLC,
any reduction, ideally having the same library coverage, would be
highly desirable since screening is the bottleneck in most
directed evolution studies.55 If three sites are simultaneously

Figure 2. Screening effort required for different randomization
schemes regarding sites composed of 2 or 3 amino acid residues.
The choice of codon degeneracy dictates the sampling size for a
desired statistical coverage of the library. For a 95% library coverage
targeting two amino acid residues (red lines), 3068 samples have to be
screened in the case of NNK/S, whereas only 1450 are necessary when
applying the 22c-trick (53% lower screening effort). However, if the
assumed capacity of medium-throughput systems is limited to 5000
samples, the library coverage drops to 71% when using NNN
degeneracy. Similarly, when targeting three amino acid residues
(blue lines) and limiting the sample size to 5000 colonies or
transformants, the library coverage changes drastically to 38%, 14%, and
2% in the case of the 22c-trick, NNK/S, and NNN, respectively.
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randomized by traditional NNK/S, about 1 × 105 trans-
formants would need to be screened for 95% library coverage
and 3 × 104 using the 22c-trick degeneracy. One could limit
screening to 5000 colonies, for example, but this would mean
that only 14% of all variants are present in the library. In the
case of the 22c-trick, this number increases to 38%, thus
allowing a better exploration of the relevant protein sequence
space (Figure 2). Figure 2 convincingly demonstrates how
effective our 22c-trick reduces screening effort that otherwise
would rise exponentially, making sample sizes impractical to
handle. Of course, one can simply ignore such statistical
considerations and screen a smaller sample number. However,
this would result in libraries of low diversity as only a very small
fraction of the variants is present (Supporting Table S2).
Very recently, Nov46 reported an interesting mathematical

analysis that demonstrates that striving to find the best variant
(i.e., the sequence with the highest fitness value) is de facto not
necessary, since it requires having a high f ull coverage
probability. He argues that finding one of the two or three
best variants is good enough and more advantageous in
practical terms due to a lower screening effort. In fact, to ensure
95% probability of discovering at least one of the top two
variants when applying the 22c-trick to one single residue,
Nov's analysis recommends sampling 30 colonies. This number
is reduced marginally to 29 when considering Tang's “small-
intelligent” library. This analysis, however, has to be taken
cautiously into consideration because it assumes that the
probed protein sequence space is smooth or “Fujiyama-type”.
Finally, although not considered here, a completely different
approach to reduce the screening effort is the pooling of mutant
libraries,56 as we have demonstrated elsewhere.48

Comparison of 22c-trick and NNK Libraries. Two
saturation mutagenesis libraries were created based on
cyclohexanone monooxygenase (CHMO) by randomizing
residue Leu426, one using the 22c-trick and the other with
the traditional NNK codon degeneracy (see Methods). Upon
transformation, both libraries yielded several thousand colonies,
from which a total of 92 and 144 colonies from the 22c-trick
and NNK libraries, respectively, were randomly chosen for
sequencing. A total of 3 and 14 samples, respectively, either
failed sequencing or did not exhibit the correct gene construct.
The respective library completeness is therefore calculated as
98.9% and 98.2%, using the equation for fractional complete-
ness by Patrick et al.54 The sequencing of individual clones
revealed the following diversity in both libraries (Figure 3).
In the case of the 22c-trick library, all 20 expected amino acid

variants were found. In contrast, two amino acids (aspartate
and isoleucine) were not present in the NNK library. The
observed diversity did not provide sufficient evidence to claim
whether the observed distribution of codons is normal or
whether an experimental parameter has biased it. Since
sampling is a random process, a statistical judgment became
necessary. The occurrence of a specific codon is a success/
failure experiment, i.e., the codon is either found or not found
in the library. These experiments are called Bernoulli
experiments and are described by a binomial distribution.
Accordingly, the statistical hypothesis test χ2 (chi square) can
be used to evaluate if the experimentally observed occurrence
of codons (Figure 3) is comparable to the theoretical expected
codon distribution (Supplementary Figure S1). If no
experimental factors (e.g., annealing bias, suboptimal primer
synthesis, or insufficient DpnI digestion) have biased codon
diversity in the given library, the χ2 test will confirm the

probability of success for each codon. In the case of the 22c-
trick library, the probability of success is p = 1/22, whereas it is
p = 1/32 for each codon present in the NNK library.
The application of the χ2 test to the 22c-trick library confirms

that in this particular sampling experiment the difference
between theoretical expected and experimental observed
distribution is not quite statistically significant (see Supporting
Information). Thus, the observed distribution of codons in the
22c-trick library is within statistical expectations and the library
is unbiased on the codon level. Moreover, since there is only
little redundancy, the generated 22c-trick library is unbiased at
the amino acid level as well.
As can be seen in Supplementary Figures S1 and S2, the

event that a codon appears zero times (i.e., absent in the
created libraries) occurs with a 2% probability. The application
of the χ2 test to the NNK-sequenced library revealed an
experimental bias because the difference between theoretically
expected and experimentally observed occurrence of codons
was found as very statistically significant (see Supporting
Information). A Grubb’s test for outlier identification was
performed, identifying the appearance of 13 CTT codons as
statistical outlier. Conclusively, it can be stated that an
experimental parameter has biased the NNK library toward
the very unlikely occurrence of 13 WT codons. Nonetheless,
repeating the χ2 test without the CTT data point confirmed
that the remaining codon diversity of the NNK library is within
the expected statistical distribution and therefore not biased on
the codon level. The existence of redundant amino acids with
two (A, G, P, T, V, R) or three (R, L, S) codons biases the
library at the amino acid level, compromising library quality in
terms of diversity (Figure 3B). A less redundant library will
always have a higher diversity and a higher probability to find

Figure 3. Relative amino acid frequencies in combinatorial libraries of
CHMO at position Leu426. Unique nucleotide and amino acid
sequences were obtained for (A) 22c-trick and (B) NNK degeneracies
from 89 and 130 colonies, respectively. Stacked bars of various gray
colors represent redundancy for the particular amino acid. Alphabeti-
cally sorted amino acids are given in one letter code (black) with its
corresponding codon below. The stop codon is represented by a star.
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more unique variants. However, if the library coverage would be
lowered by sampling fewer colonies, it would become more
probable to miss more amino acids. A smaller sampling size will
always compromise the diversity and hence the quality of the
library (Supplementary Figure S2).
Importance of Quality Control in Library Creation.

The individual sequencing of clones from the Leu426 libraries
served a second purpose: We wanted to investigate whether our
routinely applied “Quick Quality Control” (QQC)48,57 is useful
for evaluating the diversity and hence the quality of a
determined library before screening. Briefly, after retransform-
ing cells with the generated libraries, all colonies are scratched
from the agar plate with a Drigalski spatula, and plasmid DNA
is isolated. Thereafter, the pool of plasmid DNA belonging to
all clones is sequenced in a single run and analyzed to
determine whether the degeneracy is successfully introduced
and whether removal of the WT-sequence is achieved. For a
successful library creation, the experimental distribution of
bases in the target codon should be very similar to the expected
percentages. The distribution of bases for each position
obtained from the individual clones of CHMO was calculated
and compared to the theoretical (see Supplementary Table S3)
and experimental QCC distributions (Figure 4).

Upon comparing the distribution of the encountered bases
from both the individual clones (Figure 4B) and the QQC
(Figure 4C) with the expected values (Figure 4A), it becomes
apparent that our simple QQC is a reliable, quick, and cost-
efficient method to assess library quality because the
distribution of bases is virtually the same in all cases. This is
of particular importance before starting any screening effort,
according to the motto “you should not search for something
that does not exist”.48 Nevertheless, it should be noted that the

QQC requires a minimum amount of transformants for a
sample to be representative. About 50−100 colonies are
enough for saturation at one residue, but at least 500−1500
colonies is the minimum for combinatorial libraries of two and
three residues.

Creation of Other Libraries Using the 22c-trick. We
have successfully applied the 22c-trick for the generation of
libraries using saturation mutagenesis at one and two residues
in ongoing directed evolution studies. Since we did not aim to
sequence individual clones in the following examples, we
limited ourselves to perform the QQC and to estimate whether
the base distribution at the targeted codons using the 22c-trick
is comparable to the theoretical values.
The genes coding for CHMO and phenylacetone mono-

oxygenase (PAMO), in appropriate vectors, were used as
templates to randomize target positions either by QC (single
sites and two consecutive residues) or MP (two distant
residues) PCR-based methods. The overview of three single-
residue and five double-residue saturation libraries in terms of
QQC is summarized in Figure 5. In the case of single residue
saturation of CHMO Ala146, a high dominance of WT bases
for the first and second nucleotide can be observed, even
though the third base is close to perfection (Figure 5, entry 1).
Individual randomization of Phe432 and Thr433 of the same
protein, though, proved to be more successful (Figure 5,
entryies 2 and 3).
Apparent is the poor saturation result of Ser441 in the two-

residue containing PAMO library (Figure 5, entry 4), where the
second and third bases contain dominantly the WT bases.
The general high frequency for guanidine in all four PAMO

residues in the first position is noteworthy (Figure 5C).
Another interesting observation can be made for the two-
residue libraries of CHMO (Figure 5D): All of the first codons
have apparently low or no amount of cytosine in the second
base position (Figure 5, entries 6, 7, and 8). From the first
codon of entry 7 and second codon of entry 8, it can be
concluded that the DpnI digestion of the template was
complete, since no A or C was found in the third base.
Nevertheless, a high tendency toward incorporation of WT and
WT-related bases can be generally observed. The application of
the QQC is therefore essential to estimate the generated library
diversity in saturation mutagenesis experiments.
Unfortunately, with some exceptions,45,48,57,58 this or similar

tests are often not reported in directed evolution studies, in
contrast to other fields such as antibody research.59−61

Screening of non-created diversity is not only useless, it can
also lead to wrong interpretations and conclusions of the
results. In fact, we have realized the need to optimize library
creation herein because there are many factors that influence
the construction of an optimally diverse library. Since other
degeneracies45,48,57,58 result in relatively good or poor QQC,
primer degeneracy is not the main issue affecting library
diversity in PCR-based saturation mutagenesis protocols
(Supplementary Figure S3).

Influence of Other Parameters on the Quality of 22c-
trick Libraries. The traditional process of library creation via
saturation mutagenesis has proven to be successful, but it is far
from being perfect. Any improvement in library quality adds to
the importance of this gene mutagenesis method. A critical
factor for achieving a good quality library is the method of
randomization. Most of the tools to generate saturation
mutagenesis libraries rely on PCR. The most common one is
QC due to its simplicity as one needs only a sense and

Figure 4. Distribution of nucleotide bases in the randomized residue
Leu426 of CHMO. The percentual distribution of nucleotides is
shown in pie diagrams for each of the three randomized bases using
the 22c-trick (left) and NNK (right) degeneracies. (A) Theoretical
expected distribution. (B) Experimental distribution calculated from
the sequencing of 89 and 130 individual clones from the 22c-trick and
NNK libraries, respectively. (C) Experimental Quick Quality Control
from colony pooling. The nucleotide base guanidine (G) is depicted in
black, adenosine (A) in green, threonine (T) in red, and cytosine (C)
in blue.
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antisense primer. Other methods include MP or OE-PCR,
where one, two, or more primers can be degenerate.
Our experience has taught us that it is not possible to obtain

a perfect library, irrespective of the method used. Depending on
how well the overall PCR process is optimized, we have
observed libraries with very good quality (Figure 5) but also
very low qualities (Supplementary Figure S3) as judged by our
QCC. Several factors affect library quality, for example, gene
size and GC content,57 the position and sequence of the target
codon in the gene,60,62 melting and consequently annealing
temperature,60,61 as well as primer length and synthesis.59,63The
adjustment of the annealing temperature (Ta) is a key factor for
optimizing library quality, as we have observed when creating a
two-residue PAMO library at Ala443(GCG) and Val444(GTG)
using different Ta’s (Figure 6). The Ta depends on the primer
melting temperature (Tm). Since degenerate bases at specific
locations are mixtures, the Tm is in reality a range of Tm’s. In
this example, the difference between the primer with the lowest
and that with the highest Tm was calculated to be 7 °C. We
observed that changing the Ta of the PCR has important

consequences in terms of quality: The codons with GXG and
GXT anneal predominantly at both positions but more strongly
at residue 443. The first position of both residues, in particular,
is highly dominated by G. This kind of WT-codon controlled
annealing bias has been reported by Airaksinen et al.60 and has
a pronounced influence on the outcome of the saturation
mutagenesis library. Bias toward the WT and WT-related
codons can be overcome by modifying the ratio of
phosphoramidite mixtures to deplete the WT codon from the
resulting degeneracy.60 Also apparent is the rare appearance of
the adenosine bases in the first position of codon 443, resulting
in rare sequences for all AXX codons (here Ile, Asn, Ser, Met,
Thr, and Lys; Figure 6). Therefore, during the optimization of
methodological conditions for library creation and indeed
whenever applying any kind of saturation mutagenesis, it is
necessary to check the quality of the obtained mutant libraries.

Figure 5. Quick quality controls of 8 libraries generated with the 22c-
trick. (A) Expected distribution of nucleotides. (B) Obtained
distribution for single residues randomization on CHMO with
QuikChange (QC). (C) Two-site PAMO libraries created with QC.
(D) Two-site CHMO libraries created with MegaPrimer PCR. The
WT codon is presented above the pie diagrams. The nucleotide base
guanidine (G) is depicted in black, adenosine (A) in green, threonine
(T) in red, and cytosine (C) in blue.

Figure 6. Influence of annealing temperature on target codon
randomized with the 22c-trick. Residues Ala443(GCG) and Val444-
(GTG) of PAMO were randomized simultaneously via QuikChange.
The DNA electropherograms are the result of a QQC upon pooling
more than 1000 colonies. The nucleotide base guanidine (G) is
depicted in black, adenosine (A) in green, threonine (T) in red, and
cytosine (C) in blue.
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■ CONCLUSION

When creating a molecular diverse combinatorial library for any
kind of study involving proteins, parameters such as codon
degeneracy, library completeness, and oversampling, all
essential for correct data interpretation, must be seriously
considered for ensuring maximum efficiency.
In the present study we introduce the 22c-trick, which

consists of a 22:20 codons to amino acid mixture of two
primers bearing degenerate bases and one containing the TGG
codon, as an efficient strategy to reduce codon redundancy in
saturation mutagenesis. We have also compared our approach
to Tang’s “small intelligent” strategy, both very closely related.
In the latter method, the elimination of amino acid bias goes
further than our strategy, but it requires a higher number of
primers, especially when randomizing sites composed of two or
more amino acid positions. It is in the hands and budget of the
experimenter to decide which strategy to choose since both
have similar advantages and disadvantages. Using our trick,
nevertheless, we demonstrated the significant reduction of
screening effort by removing almost all codon redundancy. Our
22c-trick has a significant advantage compared to classical
randomization with NNK/S. Unrestricted sequence space
exploration with all 20 canonical amino acids is possible with
a >50% reduced screening effort for two or three residues. This
enables researchers, especially in the fields of protein
engineering and specifically directed evolution, to screen faster
and explore more efficiently the sequence space of important
proteins. The 22c-trick provides an alternative to the currently
standard approach for reducing screening effort, which involves
a limitation of sequence space by using a smaller set of amino
acids as defined by the respective codon degeneracy (e.g., 12
amino acids as given by NDT).18,22,42,43 In addition, the
balanced set of codons in the 22c-trick with its lower
redundancy will always create libraries with a higher diversity,
because more unique variants are present in a fixed number of
probed samples. Therefore applied with FACS (1 × 107) or
growth-based (1 × 1012) selection systems,5 it will allow the full
randomization of one additional residue compared to NNK/S,
increasing the total number of residues manageable for
saturation to five and eight, respectively.
Library design is a balanced act between library quality,

library diversity, and library completeness. With this in mind,
we additionally constructed several single and double saturation
mutagenesis libraries with our 22c-trick degeneracy and
investigated their quality with a reliable and cost-efficient
(only one sequencing run) Quick Quality Control. The utility
of this test shows that saturation mutagenesis seldom creates
the complete desired diversity in a perfect manner. Of course,
this applies to any form of saturation mutagenesis, some more,
some less. The important point for those engaging in
applications is simple: Invest your time and efforts optimally
by choosing the best strategy. Therefore, we emphasize again
how essential the quality control of mutant libraries is.
Successful diversity creation by saturation mutagenesis should
not be taken blindly.

■ METHODS

KOD Hot Start DNA polymerase was purchased from Novagen
(Merck KGaA, Darmstadt, Germany), DpnI was from New
England Biolabs GmbH (Frankfurt am Main, Germany), and
desalted primers were obtained from Life Technologies GmbH
(Darmstadt, Germany).

Mutant Libraries of the CHMO (Cyclohexanone
Monooxygenase Gene from Acinetobacter sp. strain
NCIMB 9871).64 Library creation Leu426-NNK was
performed using the QuikChange PCR method with
pET22b(+)-CHMO-V40 template and mutagenic primers
(desalted, Life Technologies) as described in Supplementary
Table S4. The total reaction volume of the PCR reaction was
20 μL. To a volume of 11.3 μL of Millipore-Q water were
added in this order 2 μL of 10x-KOD Hot Start DNA
polymerase buffer, 0.8 μL of MgSO4 (25 mM), 2 μL of dNTP
mix (2 mM each), 0.7 μL of forward primer (10 μM), 0.7 μL of
reverse primer (10 μM), 2 μL of template (25 ng/μL), and 0.5
μL of KOD Hot Start DNA Polymerase (1.0 U/μL). The PCR
temperature program was 3 min at 95 °C, followed by 27 cycles
of 1 min, 95 °C denaturing; 1 min, 55 °C annealing and 8 min,
68 °C extension. Final extension was carried out for 10 min at
72 °C. Methylated template was removed by DpnI digestion
(2.5 h, 37 °C, 16 μL of PCR sample, 1 μL of DpnI (20 kU/μL),
1 μL of NEB4, 3 μL of water). The sample was dialyzed against
Millipore-Q water for 30 min on Millipore MF-membrane
filters (0.05 μm).
22c-trick libraries were created for single-residue saturation

by QuikChange and for double-residue sites by the
MegaPrimer method using recombinant plasmid pET22b(+)-
CHMO or pET22b(+)-CHMO-V40 for Leu426 saturation as
the template and mutagenic primers as described in
Supplementary Table S4. The PCR reaction mixture (25 μL
final volume) contained 2.5 μL of 10x-KOD Hot Start DNA
polymerase buffer, 2.5 μL of dNTP mix (2 mM each), 0.8 μL of
MgSO4 (25 mM), 0.5 μL of template (30 ng/μL), 0.7 μL of
primers (10 μM each mix), and 1 μL of KOD Hot Start DNA
polymerase (1.0 U/μL). The PCR temperature program
consisted of an initial cycle at 95 °C for 3 min, followed by
20 cycles of denaturing at 95 °C for 1 min, annealing at
temperatures given below for 1 min, and elongation at 72 °C
for 8 min with a final extension at 72 °C for 12 min. The
following annealing temperatures were used for the creation of
libraries: Ala146: 52, 53, and 55 °C; Leu426: 52 and 54 °C;
Phe432: 52, 54, and 56 °C; Thr433: 52, 54, and 56 °C; Asp41/
Lys78: 52 and 54 °C; Leu143/Leu426: 52, 54, and 57 °C and
library Leu426/Leu505: 52 and 54 °C. The PCR samples were
mixed, and the template was removed by adding 1 μL of DpnI
(20 U/μL) to the sample followed by incubation at 37 °C for 4
h. After transformation of E. coli BL21-Gold(DE3) cells (25
μL) by electroporation with 1 μL of sample, cells were
suspended in 1 mL of SOC medium, incubated for 1 h at 37
°C, and plated on LB-agar containing 100 μg/mL carbenicillin.
For CHMO library Leu426-22c-trick and Leu426-NNK, 144
and 92 colonies were picked, and plasmid DNA preparation
and sequencing analysis was performed in 96-well plate format
by GATC biotech.

Mutant Libraries of PAMO (Phenylacetone Monoox-
ygenase Gene from Thermobif ida fusca).65 Library
creation was performed using the QuikChange PCR method,
saturating 2 residues simultaneously with the mutagenic
primers described in Supplementary Table S4. The recombi-
nant plasmid pBAD-PAMO-VQ was used as template. The
amplification reaction contained in a total volume of 20 μL was
2 μL of 10x-KOD Hot Start DNA polymerase buffer, 2 μL of
dNTP mix (2 mM each), 0.8 μL of MgSO4 (25 mM), 0.7 μL of
primers (10 μM each mix), template plasmid (50 ng), and 0.5
μL of KOD Hot Start polymerase (1.0 U/μL). The PCR
conditions were 1 cycle at 95 °C for 3 min; 27 cycles of
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denaturing at 95 °C for 1 min, annealing for 1 min with
temperatures stated below, and extension at 68 °C for 8 min.
Final extension step was carried out at 68 °C for 16 min. Eight
different temperatures were assayed for the annealing step for
library PAMO-Ala443/Val444: 58, 60, 62, 63, 64, 66, and 68
°C. PAMO-Ser442/Ala443 library was generated with an
annealing temperature of 65 °C. The PCR products were
digested with DpnI by adding 1 μL of DpnI (20 U/μL) to the
PCR sample and incubating the reaction at 37 °C for 1.5 h,
followed by another 1 μL of DpnI addition to the reaction, and
the incubation was continued for 1.5 h. After transformation of
E. coli TOP10 cells (25 μL) by electroporation with 2 μL of
sample, cells were suspended in 1 mL of SOC medium,
incubated for 1 h at 37 °C, and plated on LB-agar containing
100 μg/mL carbenicillin.
Generation of P450-BM3 Libraries. The P450-BM3 from

Bacillus megaterium was randomized via a one-step MegaPrimer
protocol as reported elsewhere.43 Primers were ordered
cartridge-purified from Metabion (Martinsried, Germany).
Briefly, in each of the four 50 μL PCR reactions, the following
components were added: 32.5 μL of Millipore-Q water, 5 μL of
10x-KOD Hot Start DNA polymerase buffer, 3 μL of MgSO4
(25 mM), 5 μL of dNTP mix (2 mM each), 2 μL of forward
(silent) primer (20 μM), 4 μL of reverse (mutagenic) primer
(20 μM), 1 μL of template (25 ng/μL), and 0.5 μL of KOD
Hot Start DNA Polymerase (1.0 U/μL). The program started
with 3 min at 95 °C, followed first by 5 cycles of 95 °C (30 s),
50 or 60 °C (1 min), and 72 °C (5 min) and then 20 cycles of
95 °C (1 min) and 72 °C (12 min), ending up with 72 °C (10
min) and subsequent cooling. The methylated template was
digested with 1 μL of DpnI (20 kU/μL) for 2 h at 37 °C in
suitable buffer, followed by dialysis against Millipore-Q water
using Millipore MF membrane filters (0.05 μm) for 30 min.
Finally, 25 μL of E. coli BL21-Gold(DE3) cells were
electroporated with 2 μL of dialyzed DNA sample, suspended
in 1 mL of SOC medium, incubated for 1 h at 37 °C, plated on
LB-kanamycin (30 μg/mL) agar plates, and incubated over-
night at 37 °C.
Obtaining the 22c-trick Mixture of Primers. The single

primers were mixed according to the ratios described in
Supplementary Table S1.
Determination of Annealing Temperature for Degen-

erated Primers. Adjusting the annealing temperature (Ta) is a
key factor for achieving the desired degeneracy. The Ta
depends on the primer melting temperature (Tm) and the
overall salt concentration in a PCR. Since degenerated primers
are mixtures of sequences, their melting temperatures cover a
range of temperatures. The minimal and maximal Tm of the
range can be calculated with the codons representing the lowest
and highest GC content existing in the particular degeneracy,
e.g., TTT (low Tm) and GCG (high Tm) for the 22c-trick.
Promegas Tm Calculator for Oligos with standard program
settings was used, and the salt-adjusted Tm was utilized for
determination of Ta, e.g., the primer sets PAMO_443444_rv
and PAMO_443444_fw had Tm values ranging from 58 to 65
°C. The annealing temperatures were probed at 58, 60, 62, 63,
64, and 68 °C. The library at 63 °C was judged best based on
the QQC.
Quick Quality Control. QQC was performed as reported

elsewhere.57 Briefly, obtained colonies after transformation
were scratched with a Drigalsky spatula from plate after adding
1 mL of water to the plate. The pool of plasmid DNA was

extracted from the collected cells using the QIAprep Miniprep
Kit and analyzed by sequencing.
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