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Protein engineering has traditionally relied on random
mutagenesis strategies to generate diverse libraries, which
require high-throughput screening or selection methods to
identify rare variants. Alternatively, approaches to semi-rational
library construction can be used to minimize the screening load
and enhance the efficiency by which improved mutants may be
identified. Such methods are typically limited to
characterization of relatively few variants due to the difficulties
in generating large rational libraries. New tools from synthetic
biology, namely multiplexed DNA synthesis and homologous
recombination, provide a promising avenue to rapidly construct
large, rational libraries. These technologies also enable
incorporation of synthetically encoded features that permit
efficient characterization of the fitness of each mutant.
Extension of these tools to protein library design could
complement rational protein design cycles in an effort to more
systematically search complex fitness landscapes. The highly
parallelized nature with which such libraries can be generated
also has the potential to expand directed protein evolution from
single protein targets to protein networks whose concerted
activities are required for the biological function of interest.
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Introduction

Current challenges in protein engineering

Directed evolution provides a valuable tool for engineer-
ing novel and improved protein functions for industrial
use. Specifically, using conventional evolutionary strat-
egies such as error-prone polymerase chain reaction,
DNA shuffling, and site-saturation mutagenesis, enzymes
with desired functions have been identified. For example,
these methods have been successfully employed to
evolve enzymes with improved thermostability and tol-
erance to pH changes, oxidation, organic solvents, and
surfactants [1-4]. However, the size of the sequence

space, namely that involving combinations of mutations,
for a protein that can be searched is limited using such
strategies. For a single protein (200 residues), the
sequence space may range from approximately 10°
unique single mutations (i.e. linear mutation space) to
upwards of 10%°° combinatorial mutations (Table 1).
Conventional evolutionary approaches may instead down
select from around only 10° to 10® mutations, leaving
much of the combinatorial space unexplored [5-12]. This
issue is compounded when using randomly generated
libraries due to large redundancies and nucleotide biases.
As a result, the number of screened variants that improve
the desired function is typically fewer than 1% [13,14].

In attempt to narrow the relevant sequence space for a
protein to be searched experimentally, various compu-
tational methods have been developed. Computational
methods may specifically aid in narrowing the sequence
space of a protein by predicting the effect of mutations on
protein folding and molecular recognition [7,15-18]. Such
approaches have been successfully applied to the de novo
design of novel catalytic activities for non-native retro-
aldol and Kemp elimination reactions [18,19]. Addition-
ally, computational methods may also aid in predicting
beneficial mutations via analysis of existing sequence—
activity data derived from empirical directed evolution
studies. One such approach developed by Fox and co-
workers [20] reported the development of a statistical
model (ProSAR) that describes the synergistic effects of
mutations based on previously measured fitness values,
which can be employed to design focused combinatorial
libraries for evolution. This model was employed to
improve the activity of a halohydrin dehalogenase by
approximately 4000-fold, demonstrating the utility of
such models [21]. Nevertheless, the computational
methods that most accurately predict protein function
based on sequence are those that incorporate experimen-
tal data, which are dependent on generation of sequence-
to-activity libraries with high diversity.

An alternative approach to evolving proteins is to system-
atically search the entire linear sequence space after which
combinations of beneficial point mutations may be
assembled. This approach, in addition to efficient screen-
ing and selection methods, requires effective strategies for
creating comprehensive, rational libraries that are track-
able in high-throughput. Importantly, for a single protein,
the reduction of sequence space using this approach
enables the use of traditional screening and selection
methods. In this review, recent advances in synthetic
biology that make the creation of such libraries tractable,
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Table 1

Size of the linear and combinatorial mutational search space for the active site of a single protein through that of the entire E. coli
genome. The number of required oligonucleotide microarrays to cover the entire linear mutational space by recombineering is also

shown (based on a 10k oligonucleotide microarray)

Target Number of Linear mutation Combinatorial mutation Microarrays
residues space space required

Active site 5.0 x 10° 9.5 x 10’ 3.2 x 10° 0.01

1 protein 2.0 x 102 3.8 x 103 1.6 x 10%¢° 0.38

Pathway (10 proteins) 2.0 x 10° 3.8 x 10* 202000 3.80

Genome-wide enzyme active sites 2.0 x 10* 3.8 x 10° 2020 000 38.0

Genome 8.1 x 10° 1.5 x 107 20810 000 1.5 x 10°

facilitating accelerated evolution strategies for protein
engineering are discussed. The creation of vast, trackable,
and rational libraries may also expand the targets of protein
engineering beyond the scope of single proteins. In theory,
exploitation of these advances permits the engineering of
entire gene clusters and metabolic pathways of industrial
relevance with unprecedented speed and success.

Solutions from multiplex recombineering
Recombineering as a tool in protein engineering

As a method for producing genetic diversity and creating
sequence-to-activity mapping libraries for protein engin-
eering, recombineering presents considerable opportu-
nities. Recombineering involves the use of linear
(single or double-stranded) DNA oligonucleotides that
contain regions of homology with a target gene to intro-
duce point mutations, insertions, or deletions in chromo-
somal DNA (Figure 1a). Specifically, in recombineering, a
segment of the target gene is replaced by the designed
oligonucleotide via seamless insertion of the oligonucleo-
tide between the homologous regions [22,23°,24-28].
The insertion of the oligonucleotide is typically facili-
tated by the use of Lambda Red, RecET, or other
bacteriophage-based recombination systems in Escheri-
chia coli [27-29]. Notably, while eliminating the need for
in vitro cloning techniques, recombineering may be
employed to create targeted sequence-to-activity map-
ping libraries, including comprehensive libraries for ala-
nine scanning, single site saturation, and entire gene
saturation mutagenesis with unparalleled genetic diver-
sity. In this way, using recombineering for gene saturation
mutagenesis, the effect of all possible single amino acid
substitutions across the entire open reading frame of a
protein may be mapped to a desired property. Beneficial
mutations may subsequently be combined in a rational
manner to efficiently explore the complete combinatorial
mutation space using libraries that are synthetically tract-
able (Figure 1b). Furthermore, the efficiency with which
the combinatorial space is explored may be, in theory,
enhanced via combining the power of recombineering
with search algorithms such as ProSAR [20].

The utility of recombineering to rationally design novel
protein variants and explore vast combinatorial spaces

represents a significant advantage over conventional
protein engineering methods. This advantage was
recently demonstrated using the recombineering-based
technique Multiplex Automated Genome Engineering
(MAGE). Using MAGE, the expression levels of 24
proteins in K. co/i were combinatorially optimized in
parallel via the introduction of mutations in the ribosome
binding sites of the corresponding genes [30]. MAGE,
which was used to generate approximately 10 genetic
variants per day, was specifically employed to engineer
lycopene biosynthesis. The resulting variants produced
lycopene at higher titers than previously achieved by
rational engineering approaches [31]. Additionally, using
MAGE, the 20-base pair 'I'7 promoter was introduced in
front of multiple genes in parallel to optimize the pro-
duction of aromatic amino acids [32°°]. Such strategies
could also be readily extended to the parallel, combina-
torial optimization of enzyme active sites or ligand bind-
ing surfaces. In this way, MAGE may have considerable
utility to explore large, combinatorial sequence spaces of
not only single proteins, but also multiple proteins, whole
pathways, and potentially entire genomes.

While recombination has been developed primarily in F.
coli and yeast, expansion of these tools to other organisms
will expand the utility of recombineering approaches for
protein engineering. The use of homologous recombina-
tion in other organisms may permit the engineering of
proteins that are difficult to express in bacteria or yeast or
that require posttranslational modifications. A recent
study utilized standard recombineering techniques in
E. coli to engineer fluorescent tags on an existing fosmid
library of Caenorhabditis elegans genes [33°]. The resulting
library covered a large number of the open reading frames
in C. elegans, enabling the function of a wide variety of
proteins to notably be probed i vivo in C. elegans. These
tools are also currently being expanded to other bacterial
species, including Gram positive bacteria [34-36].

Implications of advances in DNA synthesis and
assembly for multiplex recombineering

Continual improvements in DNA synthesis and assembly
have widespread implications in the use of recombineer-
ing for protein engineering. Specifically, as the cost of
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Schematic of the use of recombineering in protein engineering. (a) Rational target libraries for various types of scanning mutagenesis, including
alanine scanning mutagenesis, single site saturation mutagenesis, and global site saturation mutagenesis, may be rapidly constructed using
designed oligonucleotides. (b) Once constructed, such libraries may be used to describe the linear fitness landscape of single mutations at every
residue such as in the case of global site saturation mutagenesis (top left). The total combinatorial search space may be reduced by combining
beneficial mutations from the linear fitness landscape (top right), which may be subsequently used to explore the synergy between positive
mutations (bottom).
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DNA decreases and the quantity of DNA that can be
synthesized increases, larger sequence spaces may be
explored by means of recombineering. Current microar-
ray fabrication methods that take advantage of spatially
directed synthesis and improved chemistry enable paral-
lel synthesis of approximately 10* to 10° unique oligonu-
cleotides [37-39]. Strategies for retrieval, amplification,
and processing of array-containing oligonucleotides have
also been established that enable the use of DNA micro-
arrays for directed library generation [40-42,43°°]. As
such, oligonucleotides can be tailored for rational target-
ing of multiple sites within promoters or open reading
frames throughout the entire genome of an organism.
Thus, while conventional methods for rational library
generation have traditionally limited rational library size
construction to 10" to 10? variants, parallel DNA synthesis
and assembly methods in conjunction with recombineer-
ing facilitate the synthesis of large, targeted libraries on a
laboratory timescale (i.e. days to weeks).

With the ability to synthesize large, rational libraries for
protein engineering, global site saturation libraries may
be constructed for a wide range of feasible targets. As
mentioned previously, such targets may span the size of
single proteins up to every gene in a modest-sized bio-
synthetic pathway. If modifications are limited to fewer
sites such as those that comprise the active site of an
enzyme or promoter regions, the number of feasible
protein targets may be expanded to a genome-wide scale.
The size of necessary libraries to map all possible single
point mutations (i.e. linear mutation space) for a few
residues up to every gene in the entire K. co/i genome
is depicted in Table 1. For comparison, the size of the
combinatorial mutation space, which remains synthetic-
ally intractable even for a single protein, is shown side-by-
side. The sheer size of the combinatorial space for even
small targets highlights the need for efficient methods for
traversing the mutation space of proteins. By limiting the
combinatorial space to that of positive mutations found
from searching the linear sequence space, the most
relevant mutation landscapes may be directly explored.

Ultimately, the ability to optimize the function of path-
ways that require the concerted activities of many genes
to be precisely tuned may have far reaching consequences
in synthetic biology. For example, commercially valuable
products such as biofuels and secondary metabolites are
often produced via heterologous pathways in E. co/i due to
the genetic tractability of this organism [44]. Optimiz-
ation of such pathways can be a laborious process in which
many iterations of directed evolution are required to
address particular aspects of the pathway such as gene
expression levels or catalytic activities of the relevant
proteins. This notion is underscored in recent work
involving the optimization of the production of artemi-
sinin, an antimalarial precursor, in K. co/i [45]. Parallel
optimization of such multi-genic systems using an

approach similar to MAGE would enable rapid engineer-
ing of metabolic pathways or other complex genetic traits
of interest, and allow for identification of genotypes
associated with improved activities.

Multiplex tracking of sequence-to-activity relationships
via recombineering

In conventional directed evolution methods, beneficial
mutations must be identified postselection via sequen-
cing the entire gene. This step often represents a rate, and
cost, limiting step in such methods due to the need to
isolate and sequence many clones individually. Con-
sequently, the overall throughput of evolutionary
methods and, in turn, the resulting number of beneficial
mutations that may be identified is usually of the order of
only 10" to 10% This limitation is particularly inhibitory in
the simultaneous evolution of multiple proteins and
whole pathways in parallel, where the number of genes
to be sequenced may become increasingly large. Through
recombineering, this bottleneck may be circumvented via
incorporation of unique DNA barcodes into the design of
oligonucleotides that are used to introduce the desired
mutation. By barcoding each variant in the library,
beneficial mutations may be rapidly identified via
sequencing of short strands of DNA only. In this way,
the use of barcoded libraries enables mutations to be
identified more efficiently and cheaply than with con-
ventional libraries. More broadly, using barcoded recom-
bineering libraries in combination with high-throughput
sequencing technologies may open new avenues for
evolving multiple proteins and entire biosynthetic net-
works inside of cells with unmatched throughput. The
creation of DNA barcoded libraries for recombineering
has been facilitated by the development of novel algor-
ithms for the design of large numbers of orthogonal DNA
barcode sequences such as DeLOB [46].

"T'he use of molecular barcoding in conjunction with recom-
bineering has recently been established as a means to track
genetic modifications 77 vivo. In one demonstration from
the Gill group, Warner ¢r al. [43°°] successfully imple-
mented DNA barcodes via recombineering to map the
simultaneous effect of thousands of mutations that modu-
late the expression of the entire K. co/i genome to growth
under various stress conditions. Using this approach,
named Trackable Recursive Multiplex Recombineering
(TRMR), specific genes that confer tolerance to various
toxic compounds such as B-glucoside, D-fucose, methyl-
glyoxal, and valine were rapidly identified [43°°]. As an
extension of this work, Sandoval and co-workers [47°]
exploited the use of DNA barcoded libraries while also
combining TRMR with a recursive, multiplex recombi-
neering approach, similar to MAGE. The authors rapidly
identified mutations in the E. co/i genome that permit
growth under different stress conditions such as the pre-
sence of cellulosic hydrolysate. Additionally, although not
for recombineering, barcoded DNA libraries have also
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previously been exploited in other organisms, including
yeast, highlighting the potential utility of barcoded recom-
bineering techniques for scanning the effect of mutations
in proteins in alternative host systems [48,49].

Conclusions

New directions enabled by recombineering technology
Although still dependent on the use of appropriate
screens or selections, advancements in recombineering
enable the engineering of proteins with novel and
improved functions. One area in which recombineering
may have utility that is of marked interest in many
communities is the evolution of enzyme activity and
stability in non-natural solvent environments. Of particu-
lar interest to our group and others is enhancing the
catalytic efficiency of cellulases in ionic liquids due to
the remarkable miscibility of cellulose in many ionic
liquids [50-54]. The long-term goal of such efforts is to
exploit ionic liquids as solvents for clean and efficient
biocatalytic hydrolysis of cellulose while eliminating the
need for biomass pretreatment. Ultimately, this goal will
necessitate the simultaneous engineering of multiple
cellulase enzymes (i.e. endoglucanases, exogluncanases,
B-glucosidases) in parallel that are required for cellulose
hydrolysis, which is possible via multiplex recombineer-
ing. Additionally, recombineering provides a novel ave-
nue for evolving proteins with an expanded genetic code.
Specifically, using recombineering, comprehensive
sequence-to-activity mapping libraries that include the
mutation of residues to non-natural amino acids — for
which orthogonal aminoacyl-tRNA synthetase and tRNA
have been developed — may be created. While also
broadening the sequence search space, the inclusion of
non-natural amino acids permits the sampling of enzyme
variants with bioorthogonal chemical moieties, which
have unique physicochemical properties. Such moieties
may include, among others, ketone, aldehyde, azide,
alkyne, and halogenated groups, which are non-existent
in naturally occurring amino acids. Recombineering-
based approaches (i.e. MAGE) have previously been
employed to engineer amber stop codons across the entire
E. coli genome [55], which provide the basis for non-
natural amino acid scanning mutagenesis.
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