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Abstract

Directed evolution is a powerful tool for optimizing enzymes, and mutagenesis methods that
improve enzyme library quality can significantly expedite the evolution process. Here, we report a
simple method for targeted combinatorial codon mutagenesis (CCM). To demonstrate the utility of
this method for protein engineering, CCM libraries were constructed for cytochrome P450gp3,
pfuprolyl oligopeptidase, and the flavin-dependent halogenase RebH. 22-26 sites were targeted
for codon mutagenesis in each of these enzymes, and libraries with a tunable average of 1-7 codon
mutations per gene were generated. Each of these libraries provided improved enzymes for their
respective transformations, which highlights the generality, simplicity, and tunability of CCM for
targeted protein engineering.
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Directed evolution allows for systematic improvement of enzyme function with only
minimal information regarding enzyme structure.l A classical directed evolution campaign
consists of iterative rounds of gene mutagenesis and screening for improved enzymes until a
desired level of function is obtained (Fig. 1A-1).2 A variety of methods have been used to
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introduce mutations throughout enzymes, but error prone PCR is probably the simplest and
most commonly used (Fig. 1A-2).2:3 Importantly, however, the low probability of mutating
contiguous bases limits the range of mutations possible at each site, biases exist for mutation
of individual bases,3 and a large fraction of libraries typically contains no mutations.

If available, sequence activity relationships or structural information can be used to identify
sites within an enzyme that significantly impact or are predicted to impact its function.
Ideally, libraries targeting these sites can be screened to rapidly improve enzyme function
and decrease the effort associated with directed evolution.2 While predicting specific
beneficial mutations remains challenging, degenerate codons can be used to examine
different mutations at targeted sites. Both single and multiple site saturation mutagenesis can
be conducted using synthetic oligonucleotides containing degenerate codons or a
combination of codons to encode desired mutations at targeted sites within an enzyme (Fig.
1A-3).45

Beyond the fundamental difficulty of accurately predicting which sites to target, however,
saturation mutagenesis efforts must also address a number of technical issues. Simultaneous
mutation of several residues often results in unfolded peptides, so only small subsets of
residues are usually targeted. This process can be iterated to cover a desired region (e.g.
within an enzyme active site).%7 Beneficial epistasis resulting from simultaneous mutation
of sites in different sub-libraries will be missed by this approach, but the full diversity of
sequences within each sub-library can be readily screened. Various bioinformatics tools have
been developed and applied to design libraries comprised of discrete enzyme mutants that
collectively sample diversity at large numbers of targeted sites.8-1 Library members must
be individually cloned or synthesized, the latter of which, at least currently, remains cost
prohibitive for most academic efforts. Simple methods for targeted mutagenesis of large
numbers of sites within enzymes are therefore valuable tools for protein engineering efforts.

Combinatorial codon mutagenesis (CCM) methods can be used to replace, with tunable
frequency, each codon within a set of targeted sites with a desired codon. Thus, diversity at
several sites in a protein can be introduced into a library without the detrimental effects of
simultaneous codon mutagenesis (Fig. 1A-4). Inspired by early work from Stemmer,11
Herman and Tawfik described a method in which a target gene is amplified using
biotinylated primers, the PCR product is fragmented with DNasel, and the fragments are
assembled in a self-primed extension PCR using a set of mutagenic oligonucleotides. The
assembled genes are enriched by capture on streptavidin-coated magnetic beads, which
maintains diversity created in the assembly reaction by minimizing mis-priming and
amplification of short products.1? Firnberg and Ostermeier later described a method for
comprehensive codon mutagenesis that allowed for creation of libraries containing a single
codon mutation per gene. To accomplish this, uracil-containing template DNA, thermostable
ligase, phosphorylated primers, and other specialized reagents are required.13 In a very
recent report, Jin described a method that uses phosphorylated mutagenic primers that
simultaneously anneal to the template DNA and mutate contiguous nucleotide bases.
Template DNA is linearly amplified with T4 DNA polymerase, and the resulting fragments
are ligated using a thermostable T4 DNA ligase.14
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While effective, these CCM methods are technically demanding and require the use of
costly, specialized reagents. Splicing by overlap extension (SOE) PCR° has been used to
encode mixtures of wild-type and mutagenic codons at multiple targeted sites in enzymes
without these complications, but tedious cloning procedures are required if large numbers of
sites are targeted.18:17 Bloom recently reported a CCM method?8 that incorporates elements
SOE PCR and megaprimer PCR1? using mutagenic oligonucleotide primers to create
random mutants of influenza nucleoprotein for experimentally determined evolutionary
models (Figure 1B). Herein, we show that this method can be used to target a tunable
number of codon mutations to a large number of sites in enzymes (Figure 1B). The utility of
this method is illustrated via optimization of cytochrome P450g)\3 (BM3), a prolyl
oligopeptidase (POP), and the flavin-dependent halogenase RebH for different organic
transformations.

Initial optimization of Bloom’s protocol for targeted CCM was conducted using BM3. This
enzyme has been extensively engineered using a range of mutagenesis strategies, including
error-prone PCR,29-21 targeted site saturation mutagenesis (SSM) on single sites, and
CASTing/iterative saturation mutagenesis (ISM) on multiple sites?2. We envisioned that
CCM could be used to generate a single library that would target sites found to improve
BM3 catalysis in these earlier efforts (Fig. 2C),16:22.23 allowing for rapid BM3 optimization
with minimal cloning effort.

A library targeting 22 active site residues was therefore constructed using 22 forward and
reverse primers that contained a degenerate NDT codon at the targeted residues. Standard
primer design considerations and restriction digest cloning methods were used; no
specialized (e.g. biotinylated, phosphorylated, etc.) primers are required. The mutagenic
primers were pooled and used in fragment and joining PCRs in analogy to Bloom’s
procedure (Fig. 1B).18 Amplification of the appropriately sized gene was observed, and the
full-length genes were purified using agarose gel electrophoresis. The purified product was
used as a template for a second round of fragment and joining PCRs, and the product was
again purified and cloned into a pET vector using standard restriction methods. Fifty random
clones from this library were sequenced, which revealed a mutation frequency of ~2
mutations per gene (Fig. 2A). All 50 random clones contained at least one mutation, which
is not commonly observed in error-prone PCR libraries. Further analysis demonstrated that
all targeted sites were mutated with similar efficiency (Fig. 2C) and all possible codon
mutations were observed (Fig. 2B). In essence, the CCM library involves random
mutagenesis of all 22 targeted sites with residues encoded by the NDT codon and little
parent background (none observed in the 50 sequenced clones).

From this initial CCM library, 1,000 variants were screened for demethylation activity on
hexyl methyl ether (HME) and benzyl methyl ether (BME). Various combinations of
mutations at sites F87, T268, P239, and L437 improved demethylation activity on HME and
BME compared to wild-type BM3 (Fig. S1). The variant with the highest increase in
conversion of BME, 1DF (F87D and T286F, Fig. 3A), was further characterized by steady
state kinetic analysis. Variant 1DF displayed a 1.4-fold improvement of Ky, and a 2.2-fold
improvement of k.5 compared to BM3 (Fig. 3C, Fig. S2), indicating that CCM can be used
to identify new BM3 variants with improved catalytic efficiency.
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We next sought to establish the generality of CCM for optimizing other enzymes and the
extent to which mutation frequency during CCM can be tuned. The latter should vary as a
function of fragmentation PCR cycle number and the number of rounds of fragmentation
and joining PCRs conducted. Both of these variables were explored by generating libraries
of POP, which our laboratory has explored as a scaffold for generating artificial
metalloenzymes.2’ The high stability of POP was expected to allow for evaluation of CCM
libraries with several mutations in each library member.

A homology model of POP was used to identify 26 sites within B-propeller domain of this
enzyme for mutagenesis.28 Oligonucleotides encoding NNN at the targeted residues were
used, and three libraries were constructed using different numbers of fragmentation/joining
rounds or fragmentation cycles. The expected increase in mutagenesis with increasing
numbers of rounds or cycles was observed: three rounds of seven cycles, three rounds of
fourteen cycles, and seven rounds of seven cycles provided three, five, and seven codon
mutations/gene, respectively (Fig. S3). In all three libraries, all targeted sites were mutated
with similar efficiencies (Fig. S4). 1,000 members of the second library, containing five
codon mutations per gene, were screened for peptidase activity on the chromogenic substrate
Z-Gly-Pro-(p-nitroaniline). 42% of the variants were active, indicating that at least this
fraction of the library was folded (Fig. S5). While beyond the scope of this study, these
CCM libraries will serve as a valuable source of scaffold proteins with extensive active site
mutations for our artificial metalloenzyme efforts.28

We also envisioned that CCM could be used for deconvoluting or combining mutations
accumulated throughout a directed evolution campaign. In deconvolution experiments,
mutations in an improved enzyme are individually reverted to the wild-type residue to
determine which mutations are necessary for improved function. When several beneficial
mutations are discovered as separate hits in a single round of mutagenesis and screening,
combining these mutations can be beneficial. Deconvolution and combination using CCM
could be significantly faster and more efficient than individually cloning reversions or
combinations of mutations.

A POP variant developed in our lab (E7) was chosen as a template to establish the utility of
CCM for mutation deconvolution. E7 contains ten point mutations accumulated throughout a
directed evolution campaign aimed at improving this enzyme as a scaffold for
enantioselective cyclopropanation following covalent modification with a dirhodium
cofactor (Fig. 3C, Fig. $6).26 Oligonucleotides for the reversions of the ten sites back to the
parent POP enzyme (ZA2) residues were designed using standard primer design
considerations. To construct this library, one round of fragmentation/joining with 17
fragmentation cycles was performed, which gave an average of ~4 mutations per gene.
Approximately 200 clones from this library were expressed and bioconjugated with a
synthetic dirhodium cofactor (Fig. S6). The resulting artificial metalloenzyme library was
screened using a model cyclopropanation reaction, and several enzymes that provided the
same conversion and enantioselectivity as E7 were observed (Fig. 4, Variants 1-5). When
these clones were sequenced, residues at five sites (blue: 84, 99, 161, 166, and 301) were
conserved while the remaining sites (green) were not, indicating that the latter were not
required for the observed enantioselectivity of E7. Notably, Variant 4 contained all five
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reversions. Subsequent CCM aimed at further reducing the number of mutations required to
maintain E7 activity using Variant 4 as a template provided no further consensus for
unnecessary mutations.

In a final test of the utility and generality of CCM for targeted protein engineering, we
sought to explore mutagenesis of the FAD-binding site of RebH. Recent reports have shown
that the catalytic efficiencies of several different enzymes can be improved via mutagenesis
of residues in highly conserved redox cofactor binding sites.2%30 Library approaches to
interrogate the effects of different mutations at each site within a cofactor binding site could
provide a means to rapidly explore similar effects in other enzymes. The expected
importance of most of these residues for catalytic activity, however, requires the ability to
target degenerate codons to different sites with low frequency.

To explore this possibility, twenty-five residues that comprise the FAD-binding pocket of the
RebH variant OK (RebH-E461K)3! were selected, and a library targeting a frequency of 1-2
mutations per gene was constructed using one round of fragmentation/joining with 17
fragmentation cycles (Figure 3A-B). Sequencing random clones from this library revealed
that, while mutation frequency per gene was easily tunable (Fig. S7), bias in the distribution
of mutations was observed unlike the POP and BM3 libraries (Fig. 2C, S4). This could be
due to the GC-rich nature of the RebH gene, and codon optimization of the gene could prove
useful for removing this bias.

Despite a bias for certain sites, 1,000 variants from this library were screened by UPLC for
activity on 2-aminobenzoic acid. As expected from the high conservation of residues in the
FAD binding pocket of FDHSs, a significant proportion of the library showed no activity. A
few variants did, however, provide improved conversion relative to OK. Sequencing and
validating these hits using purified enzyme revealed that variant 1K (R231K) was found to
increase conversion 1.7-fold. Kinetic characterization of 1K revealed an increase in ke from
0.77 min~1 for that of OK to 1.25 min~1 (Fig. S8). Remarkably, this variant also has a higher
turnover number on the unnatural substrate 2-aminobenzoic acid than that of the wild-type
RebH on its native substrate tryptophan (1.1 min=1).32

CCM libraries have been shown to aid directed evolution efforts by allowing rapid
evaluation of mutations targeted to specific sites in enzymes with variable frequency.11:12.14
The CCM method outlined in this study, which is based on work by Bloom18, has proven
similarly effective for optimizing three different enzymes, but it does not require the
specialized primers or reagents used in other CCM methods.11:1214 The procedure is
essentially a variation of SOE PCR1® that can be performed using standard cloning
procedures. Despite this simplicity, mutations encoded by degenerate codons or codon
mixtures can be targeted to many non-contiguous sites (>20 demonstrated) in an enzyme to
provide library members with a random, tunable distribution of codon mutations. We have
shown that this method can be applied to deconvolution efforts, mutation of enzyme active
sites, and conserved cofactor binding sites that are sensitive to mutagenesis. We expect that
the simplicity and robustness of this method will lead to its application for a wide range of
protein engineering efforts.
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A. Overview of directed evolution (1) and mutagenesis strategies (2-4)
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Figure 1.
Overview of A) directed evolution and three common mutagenesis strategies; B)

combinatorial codon mutagenesis involving iterative rounds of fragment PCR using
mutagenic primer pools followed by joining PCR.

1duosnuepy Joyiny

1duosnuely Joyiny

ACS Synth Biol. Author manuscript; available in PMC 2017 May 17.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Belsare et al.

A. Mutation frequency per gene B. Percentage of amino acids
at mutated residues

g 2 y WF mL
g 20 /
S H ®mv
5 15 &, Y mH
o
3 10 h’
.E EN HD
3 mC ms
0 1 2 3 4 BmR TG
Number of codon changes
C. Frequency of mutation at targeted residues
7
s 6
™
55
E
B 4
2y
& 3
3
o
2 2
1 ﬂ m
SRR TEEITEEEEE
ddFT<<WUF<L<A S

Targeted amino acid residues
BF HL H! HY BY EH EN HD HC ES BER G

Figure2.

Page 9

A) Codon changes per gene for 50 randomly selected clones from a BM3 CCM library. B)
Percentage of the 12 possible amino acid residues at mutated sites. C) The 22 targeted sites

are all mutated with similar efficiency.
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RebH variant 0K
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A) Crystal structures of RebH?4 and BM32°, and a homology model of POP26 containing a
covalently-linked dirhodium cofactor??. Cofactors shown as red sticks. Targeted residues
shown as blue and green spheres; green indicates mutations in optimized variants. B) Codon
changes per gene for each library. C) Reactions catalyzed by CCM library members (Ar=4-

methoxyphenyl).
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Figure 4.
Targeted residues for five variants from a POP-E7 deconvolution library. Residues at

targeted sites in POP-ZA2 and E7 are shown in grey. Residues shown in blue were targeted
but not reverted; residues shown in green were reverted.
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