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ABSTRACT: Efficient and economic methods in directed
evolution at the protein, metabolic, and genome level are
needed for biocatalyst development and the success of
synthetic biology. In contrast to random strategies, semira-
tional approaches such as saturation mutagenesis explore the
sequence space in a focused manner. Although several
combinatorial libraries based on saturation mutagenesis have
been reported using solid-phase gene synthesis, direct
comparison with traditional PCR-based methods is currently
lacking. In this work, we compare combinatorial protein
libraries created in-house via PCR versus those generated by
commercial solid-phase gene synthesis. Using descriptive statistics and probabilistic distributions on amino acid occurrence
frequencies, the quality of the libraries was assessed and compared, revealing that the outsourced libraries are characterized by
less bias and outliers than the PCR-based ones. Afterward, we screened all libraries following a traditional algorithm for almost
complete library coverage and compared this approach with an emergent statistical concept suggesting screening a lower portion
of the protein sequence space. Upon analyzing the biocatalytic landscapes and best hits of all combinatorial libraries, we show
that the screening effort could have been reduced in all cases by more than 50%, while still finding at least one of the best
mutants.
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Chemical gene synthesis has become an essential tool in
biotechnology and synthetic biology in particular for the
manipulation of proteins,1 metabolic pathways2 and entire
genomes.3 Gene synthesis methods can be generally divided
into polymerase cycling assembly (PCA)-dependent and
independent ones, both depending on repeated cycles of
conventional phosphoramidite chemistry consisting of base
deprotection, coupling, capping, and oxidation.4 On the one
hand, PCA methods rely on the assembly of large DNA
molecules from short fragments taking the advantages of DNA
hybridization, annealing, and extension via the polymerase
chain reaction (PCR). However, due to the use of naturally
error-prone polymerases, the introduction of mistakes during
the assembly processes cannot be avoided, among other
disadvantages.5 On the other hand, PCA-independent methods
are based on the synthesis of oligonucleotides on solid supports
followed by their assembly using enzymes involved in DNA
repair and/or ligation instead of polymerases.4 More recently,
DNA microarrays have attracted increasing interest because
unique sequences can be readily synthesized on a miniaturized
chip with the advantages of reduced reagent consumption and

high-throughput automatization.5 In fact, several combinatorial
libraries based on microarrays have been reported for
engineering gene enhancers6 and promoters,7−10 plasmid
stability,11 or protein expression,7,12 all of these examples
being based on the Agilent technology.13 However, the size of
oligonucleotides using microarray technologies is still limited to
about 200 bases so that their assembly into larger fragments is
difficult and various errors can occur along the cloning process.
Alternatively, two other approaches emerged in recent years:
The “Blue Heron” solid support14 and the “Sloning” building
block15 technologies. In the former, an oligonucleotide is
covalently attached onto a solid support and assembled with
bridging oligonucleotides to form an extended portion of the
target polynucleotide. The cycle is repeated until the desired
polynucleotide is completed, followed by its release upon
denaturation. The Sloning technology uses a solid phase with a
bound biotin-modified anchor oligo. To generate a target gene
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sequence, a defined number of chemically synthesized building
blocks or “splinkers” containing self-complementary regions are
ligated to the anchor, immobilized, washed and cleaved,
generating a subfragment of 18 bp in each cycle. The power
of these two technologies is that full-length or large gene
fragments can be produced in a fully automated and cost-
effective manner. Furthermore, in contrast to PCA-based
techniques, the solid-phase Blue Heron and Sloning platforms
are believed to enable a faster and more accurate synthesis of
genes of any complexity including GC-rich regions and repeat-
intensive sequences. Although Blue Heron has the potential to
generate libraries for directed evolution, only examples of the
optimization of synthetic genes for heterologous gene
expression are known (Blue Heron; personal communication).
In contrast, the Sloning technology has been used successfully
in protein engineering for the creation of libraries for expanding
the genetic code16 as well as for engineering binding affinity in
anticalins17 and antibodies.18,19 In the production of these
solid-phase combinatorial libraries,16−19 primarily saturation
mutagenesis was used, which allows the randomization of target
gene sequences in a focused manner. We therefore concluded
that Sloning has the potential to be applied in directed
evolution of enzymes as biocatalysts in organic chemistry and
biotechnology.
Several studies have shown that saturation mutagenesis is

more efficient than error-prone PCR (epPCR) and DNA
shuffling in the quest to evolve stereoselective and thermostable
enzymes,20 especially when executed iteratively (ISM).21−23

Traditionally, when using PCR to create combinatorial libraries,
the most common saturation mutagenesis technique employs
the QuikChange protocol,24 in which sense/antisense primers
carrying degeneracies such as NNK (N = A/T/G/C; K = G/T)
are used to introduce the mutations at a specific gene codon(s).
Alternatively, primer mixtures according to the 22c-Trick25 or
20c-Tang technique26 encoding for all 20 amino acids can be
used. Another saturation mutagenesis technique is based on
MegaPrimer, in which one or multiple degenerate primers are
used to introduce mutations at two distal sites by first creating a
mutated large primer that is used in subsequent PCR cycles to
extend the rest of the gene sequence, usually a plasmid.27 More
recently, the OmniChange protocol was introduced,28 also
based on degenerate but chemically modified primers that allow
the introduction of up to 5 amino acid changes after many PCR
cycles, a chemical treatment and hybridization. These may be
too many steps for practical applications, especially when
targeting a larger number of codons. To address these issues,
we developed an extended form of the “Assembly of Designed
Oligonucleotides” (ADO), which is a PCA-based two-step
reaction method in which the degeneracy is not encoded in the
amplifying primers, but encoded in primers that are used as
backbones for the entire gene synthesis. Using ADO we
targeted simultaneously 16 residues for saturation mutagenesis
with various reduced amino acid alphabets.29 Although
successful in many cases, the problem with QuikChange,
MegaPrimer, ADO, and any PCA-based gene synthesis tool is
not only the likely introduction of errors in the PCR step but
also that some templates are very “difficult-to-diversify”.30 The
efficiency of these saturation mutagenesis techniques is dictated
by several factors, including the position of the target codon
and gene sequence, the length and GC content of the gene and
the respective primer as well as the annealing temperature and
quality of the primers in terms of randomized bases.25 Indeed,
in our hands the QuikChange protocol has failed many times.

Even using optimized protocols for tricky templates based on
MegaPrimer30 and Gibson Assembly31 methods, PCA-based
tools often create a biased library. On the other hand, thus far
the potential advantages of the Sloning technology has been
realized only for challenging gene sequences compared to
traditional approaches.32 Unfortunately, the lack of a direct
comparison between PCA-dependent and -independent
libraries hinders the researcher to recognize the advantages
and disadvantages of each technology, not only in practical
terms regarding randomization efficiency but also taking into
account direct and indirect costs. Moreover, it is not clear how
the success rate of encountering improved mutants is linked to
the amount of performed library coverage. Is screening of
almost full coverage better or is a lower coverage equally
successful, or alternatively how much lower?
In this study, taking as model enzyme the self-sufficient

monooxygenase cytochrome P450BM3 from Bacillus megaterium
as biocatalyst, we compared, in terms of quality and screening
effort, two sets of three combinatorial gene libraries, created
using either an optimized MegaPrimer approach30 or the solid-
phase Sloning technology. Furthermore, we calculated the
library sizes for 95% library coverage using the equation
published by Patrick and Firth,33 followed by creation of
libraries, screening and comparison of the resulting data sets.
Beside the direct comparison between PCA-dependent and
-independent libraries, the question was addressed if and to
what extent library coverage can be reduced while maintaining
the probability to find the best or a second, third or nth best
variant that might be equally sufficient for practical
applications.34

■ RESULTS AND DISCUSSION
The model reaction chosen for library performance is the
hydroxylation of testosterone, regio- and stereocontrol being a
challenge in synthetic organic chemistry. Although wild type
P450BM3 does not oxidize steroids, mutant F87A shows an
approximately 1:1 ratio of the monohydroxylated products 2β-
and 15β-hydroxy testosterone (2β-OHT and 15β-OHT,
respectively) (Figure 1A).35

Library Design. To evolve user-defined selectivity in
enzymes, that is, chemo-, regio-, and enantioselectivity, we
developed the Combinatorial Active-Site Saturation Test
(CAST),36 which is a strategy to target amino acids lining,
and/or within, the active site of enzymes, usually based on the
3D structure but not restricted to it thanks to the power of
structure homology models. The basic idea of CASTing is to
generate small yet smart combinatorial libraries at sites
composed of two or more amino acid residues that will be
targeted simultaneously via saturation mutagenesis. In the case
of P450BM3, more than 25 amino acid positions are potential
targets, from which we selected seven of the most relevant
residues based on experimental evidence as explained else-
where.37 These seven residues were assigned to three different
groups as shown in Figure 1B: Site A (R47/T49/Y51), B
(V78/A82), and C (M185/L188).35

Library A and C were randomized using the same alphabet
consisting of 12 amino acids (R, D, N, C, G, H, I, L, S, V, F, and
Y) for reducing the screening effort.39 These amino acids are
encoded by the degenerate and nonredundant NDC codon that
can be used in PCR-based saturation mutagenesis methods
(Figure 1C). The Sloning codon choice for the same set of 12
amino acids differs only in the last nucleotide of 5 codons due
to a codon optimization algorithm for Escherichia coli (Figure
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1D). In the case of Library B, the randomization scheme
includes all 20 canonical amino acids, which can be covered
with the degenerate NNK codon for PCR-based saturation
mutagenesis methodologies. NNK encodes 32 defined codons,
including one stop codon, but bearing redundancy for the
amino acids A, G, P, T, V and R, L, S with two and three
codons, respectively. Sloning gene synthesis does not depend
on degenerate codons, thus full randomization can be achieved
with a nonredundant set of 20 codons (Figure 1D).
Library Construction and Quick Quality Control

(QQC). The three PCR-based libraries were created using an
optimized MegaPrimer PCR protocol,30 as described earlier.35

Since the target codons lie adjacent to each other in all cases,
the use of a single primer, encoding the desired degeneracy, in
combination with a nondegenerate primer is sufficient for
megaprimer formation. Initial library creation trials did not
result in any colonies; after optimizing primer length and
reaction conditions, few (<100) colonies were obtained,
however, without acceptable degeneracy. Finally, adjusting the
annealing temperature and increasing the number of
amplification cycles led to libraries with sufficient amounts of
colonies per transformation (>10 000). Pooling these colonies
followed by plasmid extraction and sequencing displayed
acceptable diversities as judged by the “Quick Quality Control”
(QQC)25,40 (see Supporting Information (SI)). As discussed
earlier,25 the application of the QQC prior to screening is a very
useful trick to avoid waste of time and resources for screening a

library without the aimed diversity. The final PCR-based library
A (A-PCR) showed acceptable degeneracy at all positions, but
for the PCR-based library B (B-PCR) it was still not possible to
randomize position Val78 as desired (SI Figure S1), where type
AXX and XCX codons remained underrepresented. PCR-based
library C (C-PCR) showed the lowest quality, especially at
position Met185, where codons GGC (Gly), GAC (Asp) and
GTC (Val) were also under-represented, due to the almost
entire absence of G in the first nucleotide position (SI Figure
S1). All libraries seemed to be free of primer misinsertions, but
different amounts of parental sequences were found according
to the QQC: Library A-PCR showed generally low (10−15%)
while B-PCR medium (20%) and C-PCR high (25%) parental
codon contents (SI Figure S1). Newly amplified template
sequence originating from the PCR reaction is defined here as
parental sequence and cannot be removed by DpnI digestion.
In addition, control experiments yielded no E. coli colonies
upon transformation with DpnI-digested, methylated template
DNA. Therefore, we do not believe that the presence of
parental sequences in our PCR-libraries is due to an inefficient
DpnI treatment. The most likely reason for observing parental
sequences is due to the use of a nondegenerate primer that
forms a certain amount of nonmethylated, nonmutated
megaprimer, resulting in parental sequences that cannot be
DpnI-digested. In addition, the chosen degeneracy for positions
T49 and M185 lacks parental codons and consequently library
A and C should not contain any parental sequences. In

Figure 1. Model reaction and library design. (A) Testosterone hydroxylation by P450BM3 mutants. (B) Active site of P450BM3 mutant F87A. The
three CAST sites and the F87A residue are highlighted. The structure was prepared with Schrödinger software (see Methods) and picture was
created with PyMol.38 (C) Diversity design of the combinatorial P450BM3-F87A libraries used in this study. Library A consists of three
simultaneously randomized positions, whereas library B and C consist of two. PCR-based libraries use either the nonredundant NDC codon (library
A+C) or the redundant NNK codon (library B). (D) Sloning-based libraries encode the same set of amino acids using the displayed codon usages.
Gray codons are present in both designs.
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contrast, the parental codon is included in the target
randomization for both positions of library B. Thus, although
the MegaPrimer method is useful, it cannot provide fully bias-
free libraries as judged by the QQC. Overall, the time for
producing these medium-high quality libraries including primer
design, PCR optimization, digestion, and transformation trials
as well as QQC analysis amounted to 3 months.
In the case of the Sloning libraries, gene fragments of 683 bp

(954 bp with flanking sequences) were synthesized and cloned
into the target plasmid (see Methods), followed by host
transformation and delivery as glycerol stocks. The delivered
library stock contained 5000 clones for library A (A-SLO),
11000 for library B (B-SLO) and 5000 for library C (C-SLO).
Due to the randomization scheme of the Sloning libraries and
the limitations of the QQC, the results were too ambiguous for
conclusions concerning the amount of parental contamination
(see SI). Nevertheless, the QQC can reveal other problems
such as multiple DNA-fragment insertions, wrong degeneracies,
etc. The results of the Sloning libraries provide an indication
that the designed degeneracy was not fully achieved in all
positions but due to the nature of the QQC technique the
results were not conclusive enough (SI Figure S1). On average,
it took 2 months per library to be delivered. Library B took 4
months, since the first library failed the internal quality control
and needed to be created a second time. This event supports
our own observation that library B was difficult to be diversified
and suggests that the AT rich region near the codons 78 and 82
of the bm3 gene is generally more challenging to diversify than
other positions, as experienced with ADO29 and Gibson
assembly31 PCR-based methods.
Although it took twice as long to receive the three

outsourced combinatorial libraries (6 versus 3 months of the
homemade libraries), the former showed higher quality
regarding the absence of parental sequences as judged by the
QQC (SI Figure S1). Nevertheless, an advantage of the PCR-
based libraries is that these could be optimized in parallel,
which would be beneficial if screening requires only a few hours
up to a few days. Conversely, the Sloning libraries were
synthesized sequentially, but this was of no great disadvantage
because the HPLC-based steroid hydroxylation screening

process took days to a few weeks. It is important to bear in
mind that these estimations are based on an experienced
researcher, but longer times may be required for inexperienced
ones or when dealing with “difficult-to-diversify” templates. On
the other hand, if the researcher is experienced and is running
several projects in parallel, it might be better to outsource the
combinatorial libraries in order to save time. Importantly, all
these factors have to be taken into account when assessing
overall costs for obtaining one or various combinatorial
libraries, which will depend on the project and whether success
can be achieved at an early stage. Finally, another important
factor is library quality in terms of expected diversity. In order
to gain more insights on the codon and amino acid frequency
distribution at each randomized position, we thus sequenced
single clones of each library.

Library Quality and Diversity. All libraries were inserted
into the host E. coli BL21-Gold(DE3), followed by plating and
single colony picking in LB media using 96 deep-well plates.
Due to the large costs of sequencing at the time when the
project was running, only one (replica) plate per library was
sent for plasmid extraction and sequencing analysis to GATC
(Germany). The results are presented in Table 1. On average
1−3 sequencings failed per plate, but in the case of library C-
PCR, 27 samples failed, most likely due to suboptimal growth
conditions or poor plasmid extraction. Despite this drawback,
we continued with the analysis using the available sequencing
data. Importantly, none of the Sloning library samples
contained parental sequences, whereas 11, 18, and 10 parental
sequences were found for the PCR-based data sets A, B, and C,
respectively (Table 1). In the PCR sequencing data set, two
sequences encoded a stop codon at residue 82. Additionally,
besides a few frame-shifts, caused by single base deletions or
insertions at the targeted codons, we also observed partial gene
deletions in C-SLO library, where in-frame residues 2−251 of
BM3 were missing. Surprisingly, we observed the appearance of
nonexpected codons mostly in the PCR-based libraries, but to a
lesser extent in the Sloning ones. For example, the C-PCR data
set contained the nondesigned P450BM3 mutants M185M-
(ATG)/L188R(CGG)/F87A and M185N(AAC)/L185L-
(CTG)/F87A, but three of these codons (i.e., ATG, CGG,

Table 1. Results of 96-Well Plate Sequencing, which Represent a Random Sample Data Set for Each Library

A B C

PCR Sloning PCR Sloning PCR Sloning

samples sequenced 96 96 96 96 96 96
controls on plate 2 4 2 2 2 0
failed sequencing 2 1 3 3 27 3
deletions 6 5 2 0 0 8
misc. problems 5f 3g 3f 0 3h 6f

parental sequencesa 11 0k 18 0k 10 0k

stop codons 0k 0k 2 0k 0k 0k

non-designed codons 7b 1c 0 3d 2e 0
no. of randomized sequences 70 83 68 91 54 79
yield (single seq )i 76% 91% 75% 100% 81% 85%
yield (QQC)j ∼85% ∼95% ∼80% ∼90% ∼75% ∼95%

aP450BM3 mutant F87A was used as template. bIn R47: TGT(Cys), TCT(Ser); in T49: Ser (TCC), 2× Thr (ACC), Leu (CTG); in Y51: Leu
(CTG). cIn R47: Arg (CGG). dIn V78: Gln (CAG), in A82: Arg (CGG), Phe (TTT). eIn Met188: Arg (CGG), His (CAT). fDeletions or insertions
of one or two bases at one of the saturated positions. gOne 31 bp insertion and two in frame codon deletion at target site. hA single base insertion at
codon 188, a deletion of 20 bp starting at residue 188 and one double sequence at the addressed positions. iConsidering parental content, frame
shifts, deletions, etc. as side products of the PCR reaction. For example, 96 − 2 − 2 = 92 subtotal samples, 11 + 6 + 5 = 22 nondiversified
transformants and junk constructs; 92 − 22 = 70 randomized samples or 76% yield. jYield of main plasmid construct as estimated from the QQC
data. kNot part of the probed sequence space, due to the used randomization scheme.
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and CTG) are not part of the NDC degeneracy. These findings
could be interpreted as to arise from pairing of two different
single-strand megaprimers, one originating from the non-
degenerated primer (carrying no mutation, since ATG and
CTG are the parental codons), and one from a mutated strand
and misread upon amplification in vivo. Similar observations
were made in the B-PCR data set, where the parental GCA
(Ala) codon remained at position 82 in four sequences, but
position Val78(GTA) was randomized and yielded TTT(Phe),
CAT(His), GTT (Val), and GTG (Val) variants. Here, the
observed codons in position 78 were included in the used NNK
degeneracy. Finally, some Sloning libraries also contained
unexpected codons. For instance, codons TTT, CGG, and
CAG were found in the B-SLO data set, while CGG was found
in that of A-SLO. The reason for the presence of these
unexpected codons is unknown.
Although the same number of clones per library was sent for

sequencing, the yield of successfully randomized constructs was
higher for the Sloning data set than for the PCR-based one: 83
(A-SLO), 91 (B-SLO) and 79 (C-SLO) versus 70 (A-PCR), 68
(B-PCR) and 54 (C-PCR). Considering parental sequences
and other “junk” constructs as side products, the yields of
randomization amount to 76%, 75% and 81% for the PCR
libraries A, B, and C and to 91%, 100% and 85% for the Sloning
ones, respectively (Table 1). Both quality analyses, the random
single sequencing and the QQC, suggest that the Sloning
libraries are better randomized than the PCR-based ones. This
conjecture is reasonable because undesired parental sequences
contaminations are absent and yields of correctly mutated
constructs are higher. To assess in more detail the diversity on
codon and amino acid level, we subjected the results from
single sequencing to descriptive statistics and probability
distribution analysis.
Absolute codon occurrence per residue was first analyzed by

box plotting, including the nondesigned codons/amino acids.
Codons and resulting amino acids from parental constructs
were excluded, to assess the created diversity devoid of the
background of parental contamination. Figure 2A shows that
Sloning data sets have higher randomization efficiency per
targeted residue than the PCR data sets, because they exhibit a
slightly higher mean amino acid appearance. Important for
library quality is the nonzero minimum amino acid appearance.
The analyzed random samples of the Sloning libraries met this
criterion, with V78 being the only exception. However, the
picture is different for the PCR data set, where six out of seven
positions miss one or more amino acids completely. While this
may not hold true for the complete library considering the
limited number of sequences per library, it certainly means that
those amino acids have a very low probability to appear in the
respective library. Furthermore, several outliers were found
within the sequencing data sets: three in the PCR case, but only
one within the Sloning data set. Application of the Grubbs test
confirmed that the occurrence of 20 phenylalanines at position
47, 10 asparagines at 188 and 15 glycines at 185 are indeed
statistical outliers in the PCR-based libraries, whereas the
occurrence of 10 asparagines at position 82 was statistically
possible, when assuming that codon incorporation during PCR
was nonparametric. Although our data sets are relatively small
and based on limited sequencing results, the boxplot analysis
indicates that the Sloning libraries may have a more diversified
population of amino acids compared to the PCR libraries.
These findings were confirmed by statistical analysis of the

sequencing data sets via the χ-square test (Figure 2B). A

common assumption in PCR-based library creation is that the
annealing behavior of all diversified primer constructs leads to a
uniform distribution of the designed sequences. For NDC
degeneracy (sites A and C), this results theoretically in a
uniform distribution for the amino acids at protein level, too,
whereas for NNK degeneracy (site B) those amino acids that
are encoded manifold should appear with higher probability.
We used these resulting distributions as null hypothesis for the
χ-square analysis of the data sets of the PCR libraries. For the
Sloning libraries the null hypothesis is a uniform distribution of
the targeted amino acids. If the resulting χ-square probabilities
are ≤5%, the null hypothesis is rejected; that is, we have
evidence for nonuniform data sets and consequently a biased
library sample. Figure 2B shows that six out of seven PCR data
sets are extremely biased, with a probability of <1% that such an
observed distribution occurs by chance. Only position Y51
from the A-PCR sample was found to exhibit the aimed
diversity. In contrast, four positions of the Sloning libraries
passed the test, except positions Y51 (0.6%), V78 (1.4%), and
L188 (3.6%). We have likewise analyzed the sequencing results
from random samples taken from the Sloning libraries prior to
library delivery, and found that positions R47 (3.3%) and L188
(3.2%) did not pass our χ-square test (SI Figure S2A), but it
should be noted that less samples (∼50) were considered,
which is borderline for a statistically solid conclusion. Overall,
the χ-square test points to the fact that the Sloning libraries are
closer to the desired diversity than the PCR ones.
Since a rigorous χ-square test requires that each amino acid is

represented at least 3−5 times in the random sample, our
sequencing sample sizes (see Table 1) are at the lower limit for
a robust statistical analysis to reject the null hypothesis.
However, on the one hand the sequencing costs were limiting
at the onset of this study and, on the other hand, an appropriate
sample size can be determined only after having a first insight
into the randomization efficiency. In any case, some amino
acids are found far too seldom, while others too often for
allowing us to classify the libraries as uniform. This contrasts
with what often is assumed,33,34,41,42 namely that “... in
saturation mutagenesis, the randomization at the DNA level at
each position is typically uniform...”.34 Yet the data of the present
sequencing analysis suggests that this assumption is false,
especially for the PCR library samples but also in a few Sloning
cases. We attribute this lack of uniformity to intrinsic variables
such as the gene sequence secondary structure, target sequence,
and coupling efficiency of bases during primer synthesis. In
particular, the thermodynamic and kinetic effects during
hybridization of the template and different target sequences
might cause the nonuniform randomization.43,44 Importantly,
Figure 2B suggests that the parent P450BM3 mutant F87A is
more difficult to diversify via PCR than with Sloning.
Thereafter, we analyzed in detail the amino acid frequency of
each library data set.
Figure 2C−H breaks down the observed distributions per

randomized position to the identity and occurrence frequencies
of the amino acids, revealing different degrees of bias in the
sequencing data sets. For example, Gly and Arg containing
variants in the C-PCR sample are rare, whereas these are very
well represented in the C-SLO sample. The statistical outliers
R47F (A-PCR), A82N (B-PCR), and L188N (C-PCR) are
particularly visible (Figure 2C−E). Generally, the three Sloning
data sets show a smoother amino acid distribution compared to
the PCR-based data set. However, in samples B-PCR and B-
SLO, there is an interesting pattern: P (CCG, CCT), Q
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(CAG), and E (GAG, only in position 78) are under-
represented amino acids. Although one may attribute these
findings to mere probabilities, it is likely that the “difficult-to-
diversify” P450BM3 gene limits the introduction of the target
codons at the respective positions V78(GTA) and A82(GCA)
due to the amplification process either in vitro during the PCR
(first case) or in vivo (when amplified, transcribed, and
translated by E. coli’s machinery). These findings indicate that
the Sloning libraries are of greater quality than the PCR ones,

thus fulfilling the most important requirement in library design
and construction: a more balanced and complete coverage of
the targeted sequence space.

Library Screening Effort. The statistical analysis and
probabilistic distributions of the library samples show that the
Sloning libraries are better than the PCR-based ones, but an
extrapolation to the complete library size is not appropriate,
given the limited amount of variants sequenced. For this reason,
and instead of sequencing more samples, we opted to screen

Figure 2. Statistical analyses of the sequencing data sets. (A) Boxplot analysis of absolute amino acid occurrence observed per randomized position
for PCR and Sloning libraries data sets. (B) χ-Square test analyzing whether the desired amino acid (aa) frequencies were obtained. For positions
with a probability below 5%, the hypothesis is rejected and the set diversity was not created. (C−E) PCR data sets (blue) of absolute amino acid
occurrence per mutated position in each of the random library samples, respectively containing 68/66/69 sequencing results for library sample A
(R47/T49/Y51), 68/62 for B (V78/A82), and 53/50 for C (L188/M185). (F−H) Sloning data sets (green) containing 83/83/83, 90/89, and 79/
79 samples from A, B, and C, respectively. Observed nondesigned amino acids and the two stop codons (B-PCR) are excluded for simplicity. The
corresponding codons are summarized in the Supporting Information (Table S1 + S2).
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each of the six libraries in order to determine and compare their
biocatalytic landscapes. As noted above, P450BM3 mutant F87A
catalyzes the hydroxylation of testosterone with notable activity
(20% total conversion as determined by HPLC analysis), but it
is not regioselective (1:1 mixture of 2β- and 15β- hydroxylation
products). Thus, the set goal is to find highly stereo- and
regioselective mutants for 2β- or 15β-hydroxy testosterone
formation (2β-OHT or 15β-OH, respectively) but also showing
acceptable activities. Six libraries were created, whose sizes were
calculated33 aiming to cover a large portion (87−99%) of the
targeted sequence space. The original Patrick and Firth
equation was modified to take the parental contamination
into consideration (see SI). This, in addition to limitations
imposed by practical constraints,45 resulted in 5076 (A-PCR),
3008 (B-PCR), and 752 (C-PCR) transformants per PCR-
based library and 3864 (A-SLO), 1222 (B-SLO), and 672 (C-
SLO) transformants per Sloning library (Table 2). These sizes

correspond to library coverage on protein level of 95% and 89%
(A libraries), 98% and 95% (B libraries), and 99% both (C
libraries) for the PCR-based and Sloning cases, respectively.
Importantly, despite comparable library coverage, the absolute
library sizes differ very much: 1222 in B-SLO compared to
3008 transformants in B-PCR (Table 2). The latter screening
effort is three times as high and results from the necessity of
screening a redundant PCR-based library with only 400 variants
at the protein, but 1024 at the gene level.
We screened in total 8836 and 5758 samples for the PCR-

based and Sloning libraries, respectively (Table 2). Clearly, the
effort invested in Sloning corresponds to 65% of the effort
needed to screen the PCR-based libraries; thus, 35% of
screening resources and time could have been generally saved.
In particular, 24% of resources could be saved for library A-SLO
compared to A-PCR, which corresponds to a total of 12
multititer plates (MTP), a total HPLC measuring time of 57.6

Table 2. Number of Theoretical Gene and Protein Variants, Library Sizes and Effort Savings, as Well as Fractional
Completeness under Ideal Conditions of the Six Combinatorial Libraries

A B C

PCR Sloning PCR Sloning PCR Sloning

degeneracy NDC 12 codons NNK 20 codons NDC 12 codons
no. of gene/protein variants 1728 1728 1024/400 400 144 144
library sizea 5076 3864 3008 1222 752 672
savings (Sloning over PCR) 24% 59% 11%
fractional completeness (library coverage on protein level)b 95% 89% 98% 95% 99% 99%

aExcluding screened controls. bNonredundant libraries have equal completeness on DNA and protein level, while the redundant NNK library has
95% completeness on DNA level and 98% on protein level. Value calculated using available online tools.34,47

Figure 3. Library screening results. Total testosterone conversion (%HPLC) of the six combinatorial libraries is shown as a function of either 15β-
OHT or 2β-OHT regioselectivity. Colored entries show the Sloning libraries data, while gray entries represent the PCR library results. The green
circle highlights a cluster corresponding to parental transformants in PCR libraries.
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h (3 min per sample; 288 min per MTP), 2 weeks of work and
resources for preparing and processing the libraries. When
comparing B-SLO with B-PCR, especially the removal of
redundancy at the gene level contributes to the overall 59%
screening effort savings, which amounts to 20 MTP plates and
the respective preparation time: 96 h or 4 days. It should be
noted, however, that the removal of NNK/S redundancy at the
gene level can be achieved by mixing various primers,
representing the latest trick for creation of smaller yet smarter
libraries in directed evolution and protein engineering,25,26

besides other emerging techniques.46 Finally, due to the large
oversampling of transformants necessary to reach 99% coverage
in the C libraries, only 11% savings were achieved with the
Sloning library in this case.
The library screening results are presented in Figure 3.

Interestingly, the smaller Sloning libraries essentially show the
same scattering pattern as the remaining entries. Regioisomers
2β-OHT and 15β-OHT were found as the dominant products
in all six libraries, but 1β-OHT, 16β-OHT, and 19-OHT
species were also observed in various amounts as side products
(SI Figure S3B). Notably, the A-PCR library pattern is
stretched horizontally, due to a longer reaction time (72 h)
resulting in an overall higher conversion level (at that time this
set of measurements was in an optimization process),
compared to the standard reaction time of 24 h for the
remaining five libraries. Despite this, selectivity values were
generally not affected by the overall activity and therefore the
scattering patterns are comparable.
P450BM3 mutants from the A libraries show mostly 2β-OHT

selectivities (Figure 3D), and the observed 15β-OHT
selectivities did not exceed 60% (Figure 3A). In contrast, B
libraries contain both 15β- and 2β-OHT producing mutants,
with selectivities scattering more toward 15β-OHT (Figure
3B). Still, a few selective 2β-OHT producers were observed in
the B libraries (Figure 3E), although these mutants show a
slightly lower selectivity compared to those in the A libraries. In
addition, more library B variants than those in library A exhibit
an activity greater than 50%. Most notable are the two different
scattering patterns of the C libraries. The Sloning library C
contains a significant amount of mutants with high activity
(>50% HPLC conv., Figure 3F) that are missing in C-PCR
(Figure 3C). The selectivity values of library C variants are
generally not satisfactory (around 60%), showing a small
preference toward 15β-OHT.
Strikingly, in libraries B-PCR and C-PCR an obvious cluster

of entries becomes apparent at around 50% selectivity and
∼20% activity, which is absent in the Sloning libraries, and
possibly hidden in library A-PCR owing to the longer reaction
time. Comparison with the plot of controls (parent F87A, SI
Figure S3A) leads to the conclusion that these clusters
correspond to parental transformants (F87A). This analysis
therefore demonstrates how contaminated with parental
template (F87A) the “difficult-to-diversify” PCR-based libraries
are. It also shows the advantage of synthesizing solid-phase
combinatorial libraries, because the parental contamination in
the PCR libraries needs to be compensated by a significantly
increased screening effort to achieve the targeted sequence
space coverage.
In summary, variations at residues R47, T49, and Y51

(library A) show a preference toward 2β-OHT-selectivity,
whereas those at V78 and A82 have a greater influence on
regioselectivity control, since selective variants producing either
2β-OHT or 15β-OHT were observed (Figure 3). The targeted

residues M185 and L188 mainly influence activity as measured
by total testosterone conversion. Finally, the two-parameter
biocatalytic landscapes clearly show that mutants with high
selectivity for hydroxylated testosterone regioisomers as well as
testosterone conversion are present in both PCR-based and
solid-phase libraries. Nevertheless, a closer look at each library
is needed to assess in more detail the number and identity of
those mutants to determine the advantage of each method.

Hit Analysis. Although higher randomization quality and
absence of codon redundancy correlates with significant
economic savings, the overall library sizes (∼95% coverage)
as calculated by the Patrick and Firth algorithm33,41,47 are still
rather labor intensive for most chromatography-based screen-
ing assays. Of course, lower library coverage than 95% could be
chosen and screened, hoping that a good mutant is found, but
the correlation between the probability of encountering that
mutant and an arbitrarily chosen low library coverage is
unknown. Recent work by Nov suggests that it is not necessary
to strive for 95% library coverage, which aims to find the best
mutant, because one out of the best two, three or nth mutants
may be equally sufficient for practical applications.34 Nov also
argues that “...existing criteria and practices for determining the
library size in saturation mutagenesis experiments are of ten too
conservative...”.42 Therefore, to determine the effect of library
coverage reduction on the probability of finding 1 out of the
nth-best mutants, we assessed the relationship between the
traditional Patrick−Firth and Nov metrics (Figure 4).

Interestingly, aiming for finding the best mutant corresponds
to 95% library coverage as shown elsewhere,34 whereas finding
at least 1 out of the second, third, fourth, and fifth best mutants
corresponds to 78%, 63%, 53%, and 45% library coverage,
respectively, regardless of library size and design (Figure 4). It
is remarkable to observe that there are manifold publications in
protein directed evolution where the effort invested in
screening combinatorial libraries targeting 2 or more residues
with medium-to-large amino acid alphabets is very diverse:
from extremely large to extremely low library coverage (Table
3). From this data, it appears that improved mutants can be
found without screening a large portion of any combinatorial
library.
In order to determine whether >95% screening effort can be

generally avoided while still having a high probability (95%) of

Figure 4. Patrick−Firth versus Nov statistical metrics. Relationship
between the expected completeness (i.e., library coverage) algorithm
by Patrick and Firth as computed by GLUE-IT,47 and the concept of
finding at least one of the nth-best variants (with a 95% probability) by
Nov as computed by TopLib.34 This mathematical relationship is
independent of the number of positions randomized and of the
randomization scheme.
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finding at least 1 out of the n best mutants, we first screened the

six combinatorial libraries with almost complete library

coverage. Of special interest is the hit quality and quantity in

our libraries when coverage is stepwise reduced from 95% to

45% as many studies have shown (Table 3). Thus, using the

raw screening data from six large data sets, we then analyzed hit

identity and frequency of 4 scenarios with reduced library

coverage, and its equivalent to finding at least 1 out of the n
best variants or hits.
We define “hits” as those mutants showing at least 85 or 80%

regioselectivity and ≥35% activity (total testosterone con-
version, HPLC) as in the case of library A or B, respectively,
but in library C, no selective mutants were found, so we defined
as hits those mutants exhibiting at least 50% activity. Only the
top 20 transformants from each of the six libraries were selected

Table 3. Different Screening Efforts of Combinatorial Libraries Targeting at Least 2 Amino Acids with Saturation Mutagenesis
as Calculated by TopLib34 Assuming a 95% Probability and 100% Yield

no. targeted
positions (no.
libraries) randomization alphabet(s)a

theoretical no. combinations of
amino acids (codons)

no. required for 95%
library coverage

screened
numbers

library coverage
performed

at least one of
the n best Hits ref.

3 (1) WHK (9 aa, 1 stop codon) 540 (700) 2096 14 330 99.99% 1 48
WHW (6 aa, 1 stop codon)
RHK (10 aa/codons)

2 (1) NNS (20 aa/32 codons) 240 (384) 967 1216 ∼97% 1 49
NDT (12 aa/codons)

2 (5) NDT (12 aa/codons) 144 (144) 430 504 97% 1 50
9 (1) 2 to 4 aa/codons 1024 (1024) 3067 2400 90% 2 51
2 (1) NNK (20 aa/32 codons) 400 (1024) 2130 1500 90% 2 52
2 (1) NNS (20 aa/32 codons) 400 (1024) 2130 747 74% 3 53
2 (1) NNK (20 aa/32 codons) 400 (1024) 2130 470 ∼59% 4 54
3 (1) NDT (12 aa/codons) 864 (864) 2587 600 ∼53 5 55

NDT (12 aa/codons)
YHC (6 aa/codons)

2 (1) NNK (20 aa/32 codons) 400 (1024) 2130 300 ∼44% 6 54
5 (4) 5 to 6 aa/codons 5400 (5400) or 6480 (6480) 16176 or 19 411 1472 ∼20% or ∼18% >10 56
4 (1) NNK (20 aa/32 codons) 160 000 1 × 106 5000 0.025% >100 57

aW = A/T; H = A/C/T; K = G/; R = A/G; N = A/C/T/G; S = C/G; D = A/G/T.

Table 4. Amino Acid Identity, Occurrence at Different Library Coverage Stages, and Performance of Hits after Re-culturing of
Selected Transformants of Libraries Aa

mutant PCR Sloning biocatalytic parameters

library size 1036 1294 1726 2584 3864 5076 1036 1294 1726 2584 3864

2β-selectivity
(%)

total conversion
(%)

library coverage 45% 53% 63% 78% 89% 95% 45% 53% 63% 78% 95%

at least 1 out of n best 5 4 3 2 2−1 1 5 4 3 2 1

47/49/51
KSA-22 VLN − − − − − − ++ ++ ++ ++ ++ 95.5 ± 1.3 44 ± 5
KSA-23 ILN − − − − − − − − − − ++ − − − − − 94.4 ± 1.3 50 ± 10
KSA-24 VII − − − − − − − − + + + 93.9 ± 1.1 54 ± 9
KSA-3 IIV − − − − − − + − + − ++ − − − − − 93.9 ± 1.1 54 ± 11
KSA-25 IIN − − − − − + − − − − − 93.7 ± 1.3 64 ± 9
KSA-2 III + − + − + − ++ ++ ++ + + + + + 93.7 ± 1.3 52 ± 12
KSA-26 VIN − − − − + − + − + − ++ − − − − − 93.7 ± 1.1 51 ± 12
KSA-27 VFN + − + − + − + − + − ++ − − − − − 92.4 ± 1.6 44 ± 14
KSA-28 NII − − − − − − + − + − + − + − ++ 92.0 ± 1.8 63 ± 10
KSA-29 NLI − − − − − − − − − + + 91.9 ± 1.6 55 ± 7
KSA-30 NIV − − − − − − − − − + + 91.4 ± 1.9 48 ± 9
KSA-31 −II − − − − − − + + + + + 90.7 ± 1.5 42 ± 3
KSA-32 −LI − − − − − − − − − − − − − − − ++ − +++ 89.2 ± 4.0 47 ± 15
KSA-33 CLI − − − − − − + + + + + 89.0 ± 2.1 38 ± 10
KSA-34 NLL − − − − − − + + + + + 88.4 ± 1.0 30 ± 3
KSA-35 SII − − − − − − + + + + + 86.2 ± 2.7 45 ± 9
KSA-36 VCI − − − − − − + + + + + 85.5 ± 2.9 20 ± 3
KSA-37 −VI − − − − − − + + + + + 84.5 ± 2.3 32 ± 8
hit numbers 2 +0 +1 +2 +0 +6 10 +0 +1 +4 +2 cumulative

11 17 total
aObserved mutations are listed in one letter code in column two sequentially for the positions R47/T49/Y51. Occurrence of the WT amino acid is
indicated by a dash (−).
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as hits and sequenced (see Methods). When less than 20
transformants qualified as hits, the selectivity threshold was
loosened stepwise by 1% until 20 transformants were reached.
In general, all A and B libraries contained sufficient trans-
formants for at least one of the main regioisomers 2β-OHT or
15β-OHT; for example, A-PCR contained 148 transformants
fulfilling the hit criteria of which 44 showed selectivities above
90% for 2β-OHT under screening conditions (SI Table S4).
Importantly, those transformants qualifying as hits were
recultured and assayed as triplicates on the same MTP to
ensure comparable reaction conditions for direct comparison.
Thereafter, hits from both types of libraries were analyzed as if
these would have been obtained in a reduced library size to
mimic a screening process with lower coverage. We chose the
absolute numbers predicted by ∼95%, 78%, 63%, 53%, and 45%
library coverage, which equates when striving for finding at least
one out of n = 1, 2, 3, 4, 5 best variants (Table 4−6).
When analyzing the complete screening data, libraries A

yielded together 18 mutants qualifying as hits with selectivities
ranging from 95.5 to 84.5% for 2β−OHT with activities of 30−
64% total testosterone conversion (Table 4). Interestingly, the
best mutants are very close to each other regarding selectivity
because 8 of them have 2β−OHT selectivities between 93 and
95% with conversions between 47 and 64%. Important for high
stereoselective 2β-OHT production seems to be the occurrence
of aliphatic amino acids (I, L, or V) at positions R47/T49 or
T49/Y51, whereas R47 or Y51 can either be replaced by N,
which is slightly smaller than V and bears hydrogen donor/
acceptor functionality. Among the cluster of eight best hits, N is
found only in position Y51, whereas the hydrogen donor
functionally in position R47 leads to a reduction in selectivity.
Furthermore, hits are not equally spread between both A
libraries. Whereas A-PCR contains 11 hits among the apparent
eight best, A-SLO contains only three of these (KSA-22, KSA-
24, and KSA-2) but 10 other unique hits not encountered in A-
PCR. A possible reason why these 10 hits (KSA-28 to KSA-37)
were not encountered could be the low abundance of amino
acids R and S, which is supported by the single sequencing
results (Figure 2C). Importantly, even though some hits occur
only in A-PCR and others only in A-SLO, both sets contain hits
of similar biocatalytic fitness. When reducing the screening
effort of A-PCR to equal that of A-SLO, four of the apparent
best hits (KSA-3, KSA-2, KSA-26, and KSA-27) are still
encountered, while two (KSA-23 and KSA-25) would be
missed. Of course, stepwise reduction of the absolute library
size reduces the amount of overall encountered hits in both
libraries, but it still enables the researcher to find at least some
out of the best hits. Even the heavily reduced library sets of only
1036 clones (45% coverage) still contain the best hits KSA-2,
KSA-22, and KSA-27. This would correspond to finding at least
1 out of the 5 best mutants, but we found in both cases two of
the five best hits. Overall, the reduction of library coverage has
not hampered the discovery of improved biocatalysts in either
library type. However, more hits were found in A-SLO
compared to A-PCR (17 vs 11), which demonstrates the
advantage of screening better quality libraries. In any case, these
findings suggest that the reduction of library coverage could be
an alternative to the conservative 95% library coverage
screening if the goal is to find a practical biocatalyst.
In the case of library B, 10 hits with selectivities varying from

92 to 81% for 15β-OHT were identified, which displayed a
broad range of activities from 21 to 77%. Also, four sequence
related mutants producing mainly 2β-OHT were found with

selectivities ranging from 84 to 80% and activities between 11
and 66% (Table 5). Comparing the observed mutations at
position 82, it becomes clear that for 15β-hydroxylation the
occurrence of bulky, hydrophobic residues is important. Indeed,
a shift toward 16β-hydroxylation is observed when the biggest
amino acid W was encountered (Figure S3B) and 2β-
hydroxylation is observed by incorporating D. The role of
position 78 could not be revealed from the collected data, but
improvement was achieved when L, M or I replace V regardless
of regioselectivity (Table 5). Different to libraries A, where
most hits were encountered only once or twice, libraries B
yielded five hits from three to five times. Similarly, when >95%
library coverage is done, B-PCR and B-SLO show the same
number of hits (20). We can attribute this finding to the fact
that both libraries display a uniform distribution of those amino
acids required for the factors determining regioselectivity (see
Figure 2D+G).
Overall, the same trend as seen in A libraries emerges: A high

coverage promotes the discovery of various closely related hits,
providing interesting insights into the biocatalytic landscape
which describes the P450BM3 hydroxylation of testosterone. Just
as in the A libraries, when library coverage is reduced, at least
four improved mutants are still found for a library size of 240
transformants or 45% library coverage (Table 5).
The best hits of the C libraries show conversions up to 80%

with selectivities between 54 and 74% in favor of 15β-OHT
(Table 6). Interestingly 5 out of the 6 best mutants were found
in C-SLO more than once (e.g., KSA-52 was found 6 times).
Regarding C-PCR, it is interesting to note that this library failed
to contain hits having more than 54% conversion. In contrast,
C-SLO bears transformants with as twice as much (80%)
conversion. Sequencing revealed the presence of small residues
at positions 185 and 188 like G, C and S, but also R contributed
to an increase in activity as seen with mutants KSA-52, KSA-12,
KSA-13, KSA-53, and KSA-54. Importantly, a look at Figure 2E
shows that C-PCR sequenced data set failed to contain variants
with G or R in either addressed position. It is therefore not
surprising that these mutants were missed in the C-PCR library.
Hence, libraries C-PCR and C-SLO are important tutorial

examples because they reveal the pitfalls a researcher in protein
evolution may face: Figure 3C+F shows two different data
scattering patterns, which we attribute to the pronounced
differences in library quality at the DNA level. The lower
diversity quality means that areas of the targeted sequence
space were not created in C-PCR. Unfortunately, other than in
libraries A-PCR and B-PCR, where the quality difference was
not so pronounced, this missed area(s) of the sequence space
encoded variants with improved catalytic parameters, as can be
seen in C-SLO, which contains more active hits than C-PCR
(Figure 3C+F). These results confirm that achieving the right
diversity is crucial for the subsequent screening effort and the
discovery of hits. The second apparent pitfall is that it is
important to consider the target residues for randomization
wisely. Residues M185 and L188 of library site C influenced
only the activity toward steroid hydroxylation, whereas residues
R47, T49, Y51, V78, and A82 are important for controlling
regioselectivity and having a likewise positive influence on total
activity. When not observing any good hits in a library, and low
diversity quality can be excluded, then and only then can we
conclude that the targeted residues do not contribute to the
examined catalytic parameter(s).
Importantly, upon analyzing carefully the hits in all libraries,

we found that aiming for reduced library coverage as predicted
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by Nov is a beneficial guide for the goal of finding an improved
mutant for biocatalysis. In fact, around 50% reduction of the
screening effort still offers the potential to find at least one of
the best hits. For the interested reader, we also provide a closer
look on the 63% coverage or finding “at least 1 out of the 3 best
variants” data set in direct comparison with the 95% coverage
data set (see SI). We believe that using the Nov metric gives
more confidence to the researcher because its user-friendly
online tool can help in designing libraries of any size and
randomization up to 12 target codons,34 whereas computing
library coverage percentages is limited to defined codon
degeneracies of maximally 6 codons and does not allow to
consider the yields of construct synthesis using GLUE-IT.33

Since sometimes the encountered hits do not fulfill the set
project goal in the first round of mutagenesis and screening,
instead of further screening that library to increase its coverage,
a different strategy is to perform Iterative Saturation Muta-
genesis (ISM). For example, we chose the template of a very
active (84%) yet unselective variant (62%) from library A-PCR
not qualifying here as hit (KSA-4: R47Y/T49F/F87A)35 and
addressed the residues of library B as before, finding a quintuple
mutant (KSA-14: R47Y/T49F/V78L/A82M/F87A) with ex-
cellent selectivity (96%) and activity (85% HPLC conversion)
as best hit. Interestingly, KSA-14 contains the mutations of
KSA-42 (V78L/A82M), a previously identified apparent eighth
best hit with 84% selectivity and 50% activity (Table 5). In a
second example, the mutations observed in KSA-6 (V78T/
A82F/F87A), the apparent third best hit from B-PCR (Table
5), were encountered in the third best hit KSA-16 (R47Y/
T49F/V78T/A82F/F87A) after ISM showing 90% selectivity
for 15β−OHT and 60% activity as reported elsewhere.35 This
indicates that the rational combination of mutations is not
always straightforward, and that ISM in combination with
reduced screening effort is a very fast strategy to develop
biocatalysts. This reduction of screening effort is of prime
importance when aiming for implementing an industrial
process because biocatalyst development time can contribute
significantly to the overall costs. Of course, it also remains to be
demonstrated whether such a library coverage reduction also
applies in combinatorial libraries of larger complexity (e.g., 5 or
more residues randomized with similar or smaller amino acid
alphabets as reported here), but the message is that at least one
of the n best hits can be found in a practical manner. Last but
not least, reducing the screening effort gives a glimpse on the
biocatalytic and/or fitness landscape, yet the exploration of
almost complete library coverage has given insight into our
understanding of ISM-based directed evolution and the
emergence of epistasis, thereby rationally improving the
strategies for evolving better enzymes.58

Conclusion and Outlook. We have shown that three
diverse combinatorial libraries based on saturation mutagenesis
created via solid-phase gene synthesis (Sloning technology)
have greater quality at both the DNA and protein level than the
same libraries created by an optimized PCR-based megaprimer
approach. This conclusion is based on the following
experimental results: First, no restriction to existing degenerate
codons; second, as a consequence, removal of redundancy,
resulting in lowered screening effort; third, the contamination
with parental constructs and incorrect constructs is significantly
lower, resulting in higher quality libraries on the DNA level,
which ensures a higher coverage of the targeted sequence space.
All these factors together contribute to a significantly reduced
screening effort by up to 59% (library B-SLO vs B-PCR),T
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providing an economic advantage over the PCR created
libraries. Currently, it is difficult to assess financial differences,
because it is problematic to compare the materials plus labor
that are necessary when creating PCR-based libraries with the
costs of buying commercially produced libraries. However, if
the costs of gene syntheses continue to go down, designed
solid-phase combinatorial gene libraries for saturation muta-
genesis accessible on a commercial basis may prove to be the
favored option in future directed evolution.
Our results also provide evidence that the Nov statistical

approach of finding at least 1 out of the nth best mutants, or its
equivalent library coverage reduction based on the Patrick and
Firth algorithm, are useful strategies with the goal of finding an
improved biocatalyst because the screening effort can be
decreased significantly irrespective of library design and
creation methodology. Of course, more hits can be discovered
when more screening is performed, something that is advisable
when exploring sequence-to-function relationships as a goal. In
addition, it is important to remember that in order to find a
practical catalyst or extensively exploring sequence space, the
aimed diversity has to be properly achieved. If not, more
exhaustive screening of a library will never provide satisfactory
results, as seen for library C-PCR. Application of the QQC is
mandatory. Likewise, if the chosen residues for saturation
mutagenesis have no effect on the investigated biocatalytic
parameters, it is likely that there will be no success (as with
selectivity in library C). However, if the right residues are
chosen, the likelihood of finding more hits increases, as shown
for library A and B in terms of selectivity.
Finally, the development of useful guidelines for ISM,37

together with high-quality solid-phase gene synthesis as
described here for combinatorial libraries in combination with
less conservative screening (partial library coverage) seems to
be the most powerful strategy for beating the numbers problem
in directed evolution. Retrospectively, it is impressive to realize
that combining these strategies could have saved 92% screening
effort (240 versus 3008 transformants) while still finding at
least 1 out of the best hits (Table 5) as in the case of library B.

■ METHODS
Figure Preparation. P450BM3 structure was obtained by

manually mutating residue Phe87 into Alanine with Maestro
software59 using 1JPZ.pdb60 (chain B) as starting point,
followed by refinement through the Protein Preparation
Wizard59 (standard settings). Testosterone was prepared with
LigPrep59 and docked using Glide61 employing a modified
heme force field.62 Docking resulted in several poses, from
which one, orienting testosterone for hydroxylation in 2β
position, is shown.
Library Construction, Quality Control, Screening, and

Analysis. Sloning prepared bm3 monooxygenase (cyp102A1)
diversified gene pools with the codons given in Figure 1C and
D. The gene fragments had a size of 683 bp (954 with flanking
sequences) and were cloned into pETM11 with NocI and NheI
prior to E. coli BL21 Gold(DE3) transformation. PCR library
construction and screening of PCR and Sloning libraries was
performed as previously described.35 Briefly, E. coli cells were
expressed in 96 deep-well plates containing TB media
supplemented with Fe(III)Cl3 and glutamate to enhance gene
expression levels, harvested, washed, and supplemented with
potassium phosphate based reaction buffer containing 1 μM
testosterone and a glucose/glucose dehydrogenase based
recycling system. The 600 μL-reaction was carried out for 24

h at 25 °C, followed by extraction with 350 μL ethyl acetate,
evaporation, and uptake of the dried sample in 150 μL
acetonitrile prior to HPLC analysis. HPLC chromatograms
were automatically integrated using standard settings for peak
integration by the HPLC analysis software (LSsolution Version
1.22 SP1 by Shimadzu Corporation). Assigned peaks, as
defined by the programmed compound table, were automati-
cally exported, resulting in a single Excel file, which contains all
HPLC results of one library. Entries were sorted descending by
selectivity. False positives were eliminated by using Excel’s filter
function to exclude those transformants, where the regioisomer
peak had an area count below 10 000. A cutoff activity
threshold of ≥35% for total testosterone conversion was
applied and the first 10−20 entries were selected as hits and
taken for validation and sequencing. Hits were recultured and
assayed under identical conditions as above for validation. Hits
were sequence by preparing plasmid DNA using a Qiagen
Miniprep Kit and sending the DNA to GATC Biotech AG
(Germany). Sequencing results used for the statistical analysis
were obtained by sending variants in a 96 multititer plate filled
with LB agar containing 5 μg/mL kanamycin, which was
inoculated from a library plate using a replicator, to GATC
Biotech AG (Germany) for plasmid preparation and sequenc-
ing with the T7 primer. Grubbs test was performed as
previously reported,25 and Microsoft Excel was used for box-
plot analysis of the absolute number of amino acids observed in
the six random samples and chi-square analysis of the obtained
amino acid frequencies (raw data available in SI Table S3).
Information about the results of the QQC, the observed

codons of the random samples and the number of trans-
formants qualified as hits can be found in Supporting
Information.
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