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Abstract Protein engineering is the most important tool to overcome the limi-
tations of natural enzymes to facilitate their efficient use in biocatalysis, but also in
biotransformations using engineered whole cell systems. In the past decade
numerous novel concepts have been developed to create mutant libraries more
efficiently, taking advantage of improved molecular biology methods and better
expression systems for the target proteins. Most important are sophisticated
designs of mutant libraries guided by bioinformatic tools. These achievements
were complemented with the development of advanced high-throughput screening
or selection methods using, for instance, fluorescence-activated cell sorting
(FACS) or microfluidic systems. The latter are prime examples useful to establish
novel bioproduction systems as cell-free protein biosynthesis allows protein
expression and subsequent sorting of desired enzyme variants with these methods.
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PCR Polymerase chain reaction
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QM/MM Quantum mechanical/molecular mechanics
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1 Introduction

For more than a century enzymes have found numerous applications as biocata-
lysts for synthetic organic chemistry due to their high stereoselectivity required for
the creation of chiral compounds. They are also widely used for processes where
mild reaction conditions are important, such as in the conversion of labile com-
pounds, in protection/deprotection steps or where chemo- and regioselectivity are
needed, in laundry applications, or food processing. Also the pretreatment of
renewable resources for the degradation of lignocellulose to make biofuels
recently became important.

Traditionally, only wildtype enzymes for single-step biocatalysis or microor-
ganisms for whole cell biotransformations were used, but the advent of recom-
binant DNA technology enabled the cloning and functional expression of the
enzyme of interest. Nowadays, complete pathways in microorganisms can be
altered and this area is called metabolic engineering and/or synthetic biology.

Natural (wildtype) enzymes have evolved in nature to solve a distinct task in the
host organism, which usually means that they have a specific substrate range and
selectivity and are active under reaction conditions determined by the host envi-
ronment. Substrate concentrations are usually very low (in the lM range) and pH-
and temperature regions are rather narrow. Intracellular enzymes are often highly
specific and intensively regulated by, for example, feedback inhibition whereas
extracellular enzymes typically are more stable and show a broader substrate scope
as their main task is the degradation of nutrients for the host (i.e., lipases split
triglycerides to provide fatty acids, amylases degrade carbohydrate polymers to
provide sugars).

26 U. T. Bornscheuer



Efficient application of enzymes in biocatalysis and biotransformations on an
industrial scale requires substantial improvements of wildtype enzymes to make
them robust. Typical goals of protein engineering are therefore improved substrate
specificity (narrow or broader substrate scope depending on the application, altered
regio- and stereoselectivity, increased reaction rate, elimination of substrate/
product inhibition), and better tolerance to reaction conditions (pH, heat, solvents,
reactive components, high substrate concentrations in the molar range). In addi-
tion, protein engineering can help to improve efficient protein manufacturing by
improving expression and folding of active protein, to simplify purification and to
achieve better storage stability. Furthermore, protein engineering is an important
tool to investigate evolutionary relationships of proteins within a superfamily, to
study its reaction mechanism, but also catalytic promiscuity.

Successful protein engineering for industrial applications should target these
various properties simultaneously keeping in mind that changing one property (i.e.,
substrate scope) can also affect other properties (e.g., expression, stability). For
instance, in one of our projects, we identified a highly enantioselective esterase
variant obtained by directed evolution bearing three amino acid substitutions [1].
Unfortunately, although E. coli produced high amounts of the soluble wildtype
esterase, only small amounts of the triple mutant were produced, most of it in an
unfolded insoluble form. Back mutations identified a double mutant that was both
highly enantioselective and efficiently produced in soluble form.

Modern tools developed for protein engineering helped to solve various issues
related to the application of enzymes, which has been summarized in our recent
review [2] stating that ‘‘in the past, an enzyme-based process was designed around
the limitations of the enzyme; today, the enzyme is engineered to fit the process
specifications.’’

In this contribution first some basic concepts for protein engineering are briefly
given together with some selected examples. Finally, its potential for novel bio-
production systems is elucidated. Readers are referred to a broad number of books,
book chapters, and review articles for a broader coverage of protein engineering
[2–12].

2 Basic Strategies in Protein Engineering

Protein engineering usually follows two major concepts: rational design or
directed (molecular) evolution [5, 6, 12] (Fig. 1).

Rational protein design requires the 3D-structure of a protein or at least a good
homology model. A high-resolution structure of an enzyme is usually determined
by x-ray crystallography and is deposited at the Brookhaven protein database
(www.pdb.org). Preferentially, the structure also contains a substrate (or substrate
analogue) bound to the active site as this provides detailed information about the
residues involved in substrate binding and pockets binding substrate substituents.
A model of the protein structure can be generated automatically based on a known
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homologous x-ray structure (e.g., by Phyre [13] or Robetta [14]). More recently, a
method was proposed to predict a protein structure from evolutionary and
sequence variations [15]. These structures then serve as a basis to perform
molecular modeling for the identification of key residues to be changed in order to
improve the protein in the desired direction. Once amino acid residues are iden-
tified from a structural analysis these are introduced into the protein on the gene
level by site-directed mutagenesis and after production of the mutant it can be
analyzed for altered function. The success of this approach largely depends on the
information available and the modeling approach used. For instance, if the sub-
strate scope or stereoselectivity of the enzyme should be altered, a simple
homology model without detailed knowledge about the binding pockets and active
site region will barely enable correct predictions. If, however, a 3D-structure with
a bound transition state analogue is available, then modern modeling software
should allow a rather reliable prediction, which amino acids should be changed.
Software for molecular modeling now runs on standard personal computers and is

Fig. 1 Overview of protein engineering strategies
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rather easy to use (e.g., Yasara; [16]), tools for sequence comparison (e.g.,
BLAST, http://blast.ncbi.nlm.nih.gov/Blast.cgi [17]) and alignment (e.g., Clu-
stalW: http://www.ebi.ac.uk/Tools/msa/clustalw2/ [18, 19]) enable quick identifi-
cation of novel sequences and conserved motifs. The most sophisticated rational
protein design uses QM/MM (quantum mechanical/molecular mechanics) simu-
lations, but this requires extended skills and large computational resources.

In contrast, directed evolution only requires a functional expression of the gene
to produce the protein of interest. The protein-encoding gene is then subjected to
random mutagenesis (e.g., by error-prone PCR) or gene shuffling resulting in very
large mutant libraries. These are then either screened for the desired property—
usually 103–104 variants in the microtiter plate format—or subjected to selection
methods (e.g., by complementation of pathways in the host organism, but also
FACS or microfluidic systems can be used; see Sects. 3.1 and 3.2). Best hits are
usually subjected to further rounds of directed evolution until the protein shows the
desired properties. Finally, the position and type of amino acid substitutions are
determined and the enzyme is biochemically characterized in detail. Often back
mutations or combinations are performed to further improve the enzyme or elu-
cidate the specific influence of a given amino acid substitution. Many detailed
protocols for directed evolution are available, including several books [20–23] and
reviews [3, 9, 24–26].

Both strategies have their advantages and limitations: rational protein design
depends on the availability of the protein 3D structure and sufficient knowledge of
the contribution of residues to enzyme properties whereas directed evolution
strongly depends on suitable mutagenesis methods and high-throughput screening
or selection methods to identify the desired variants in a fast and reliable manner.
More recently, researchers combined both methods and dubbed this focused
directed evolution or semi-rational design. Thus, information available from
related protein structures, families and mutants already identified, is combined and
then used for targeted randomization of certain areas of the protein [8]; see below.

One challenge in directed evolution experiments is the coverage of a suffi-
ciently large sequence space: the creation and analysis of as many variants as
possible. When considering a protein (enzyme) consisting of 200 amino acids, the
number of possible variants of a protein by introduction of M substitutions in
N amino acids can be calculated from the formula 19M[N!/(N – M)!M!] (from the
20 proteinogenic amino acids, one is already present in the wildtype enzyme;
therefore the value 19). Thus, for two random mutations already more than seven
million variants are possible; with three or more substitutions, the creation and
screening of a library becomes very challenging.

2.1 Methods for the Creation of Mutant Libraries

The still most often used method for the creation of libraries is the error-prone
PCR in which conditions are used that lead to the introduction of approximately
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1–10 nucleotide mutations per 1,000 base pairs [27]. This is achieved by changing
the reaction conditions, that is, to use Mn2+ salts instead of Mg2+ salts (the
polymerase is magnesium-dependent), the use of Taq polymerase from Ther-
momyces aquaticus, and variations in the concentrations of the four desoxynu-
cleotides (dNTPs). It should be noted, that due to the biased exchange of
nucleotides and the degenerate genetic code, only an average of 6 of all possible
19 amino acid substitutions are accessible by this method. This can be overcome
by the use of an optimized polymerase such as Mutazyme from Stratagene.
Another approach utilizes mutator strains, for example, the E. coli derivative
Epicurian coli XL1-Red, which lacks DNA repair mechanisms [28]. The intro-
duction of a plasmid bearing the gene encoding the protein of interest leads to
mutations during replication. Both methods introduce point mutations, and several
iterative mutation rounds followed by identification of best variants are usually
required to obtain a biocatalyst with the desired properties.

Alternatively, methods of recombination (also referred to as sexual mutagen-
esis) can be used. The first example was the DNA (or gene-) shuffling developed
by Stemmer, in which DNAse degrades the gene followed by recombination of the
fragments using PCR with and without primers [29, 30]. This process mimics
natural recombination and has been proven in various examples as a very effective
tool to create desired enzymes. Later this method was further refined and termed
‘‘DNA family shuffling’’ or ‘‘molecular breeding,’’ enabling the creation of chi-
meric libraries from a family of genes.

The Arnold laboratory developed two variations of DNA shuffling: The stag-
gered extension process (StEP) is based on a modified PCR protocol using a set of
primers and short reaction times for annealing and polymerization. Truncated
oligomers dissociate from the template and anneal randomly to different templates
leading to recombination. Several repetitions allow the formation of full-length
genes [31]. Many other methods are covered in the reviews and books cited above.

In the past few years researchers started to combine rational protein design and
random mutagenesis. The major advantage is that if one knows that certain
enzyme regions are linked to a desired property without a hint as to which specific
amino acid substitution is the best, randomizing only a few amino acids can
drastically reduce the screening effort. For instance, randomization of three
positions corresponds to 203 = 8,000 combinations. Keeping in mind the degen-
erate genetic code, about 100,000 variants need to be screened to cover all of the
combinations. Although this number is still very high, it is substantially smaller
than the sequence space to be covered in standard error-prone PCR libraries.
Furthermore, the number of mutants can be further reduced by using the NDT
codon (encoding only 12 of the 20 proteinogenic amino acids, but all types of
amino acids). Another concept is the combinatorial active-site saturation test
(CAST). For this, a small set of amino acids in the vicinity of the active site is
chosen and mutated randomly followed by screening for best hits. One single
CAST approach can result in an impressive enhancement of enzyme features as
demonstrated for an epoxide hydrolase [32, 33]. ISM, iterative saturation muta-
genesis, introduces an evolutionary factor into the CASTing strategy. In one
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example, the best variants from a first CASTing round served as templates for the
next round. Bearing in mind that mutations can have additive or cooperative
effects, the order of positions to be mutated and screened might be crucial, leading
to different pathways. Following all pathways is work intensive, as each step in a
pathway includes a whole library that needs to be screened [34]. Reetz and
coworkers have shown that only 8 paths increased the enantioselectivity of an
epoxide hydrolase. ISM was also successfully used to improve the thermoactivity
(from 45 to 93 �C) [35] and organic solvent stability of a lipase drastically from
Bacillus subtilis [36]. These and further examples are nicely summarized in recent
reviews by Reetz [9, 37, 38].

A bioinformatics-based approach is the ProSAR-strategy (protein sequence
activity relationships) developed by Fox et al. [39]. This was used to guide the
design of a halohydrin dehalogenase by data obtained from different protein
engineering approaches (rational design, random mutagenesis, gene shuffling,
saturation mutagenesis), sorting the single mutations into beneficial, neutral, and
deleterious ones and keeping only the beneficial mutations for further rounds of
mutagenesis. The best halohydrin dehalogenase contained 35 amino acid substi-
tutions leading to a 4,000-fold increased volumetric productivity in the synthesis
of a Lipitor (Atorvastatin) side chain [39]. In my group we have used the software
3DM to guide protein engineering of enzymes from the a/b-hydrolase enzyme
superfamily [40, 41] and this served as basis to create ‘‘small, but smart’’ libraries.
The 3DM allows the design of mutant libraries in a manner so that only amino
acids frequently occurring at a given position are covered. This concept enabled us
to improve the enantioselectivity (EMutant = 80, EWT = 3.2) of an esterase from
Pseudomonas fluorescens (PFE) by mutating only four residues near the active
site. Also activity was improved 240-fold [42]. The same approach was used to
improve the thermostability of PFE by 8 �C [43].

2.2 Assay Systems

The major challenge in directed evolution is the identification of desired variants
within the mutant libraries. Suitable assay methods should enable a fast, very
accurate and targeted identification of desired biocatalysts out of libraries com-
prising usually 103–106 mutants. In principle, two different approaches can be
applied, namely screening or selection.

Selection-based systems have been used traditionally to enrich certain micro-
organisms. For in vitro evolution, selection methods are less frequently used as
they usually can only be applied to enzymatic reactions that occur in the metab-
olism of the host strain. On the other hand, selection-based systems allow a
considerably higher throughput compared to screening systems (see below). Often,
selection is performed as a complementation: an essential metabolite is produced
only by a mutated enzyme variant. For instance, a growth assay was used to
identify monomeric chorismate mutases. Libraries were screened using media
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lacking L-tyrosine and L-phenylalanine [44]. In a similar manner, complementation
of biochemical pathways has also been used to identify mutants of an enzyme
involved in tryptophan biosynthesis. HisA and TrpF (isomerases involved in the
biosynthesis of histidine and tryptophan, respectively) have a similar tertiary
structure, and the aminoaldose substrates used are very similar except for a dif-
ferent residue at the amino functionality. Using random mutagenesis and selection
by complementation on media lacking tryptophan, several HisA variants that
catalyze the TrpF reaction both in vivo and in vitro were identified [45]. One of
these variants also retained significant HisA activity.

Stemmer’s group subjected four genes of cephalosporinases (enzyme causing
antibiotic resistance by hydrolysis of cephalosporins) from Enterobacter, Yersinia,
Citrobacter, and Klebsiella species to error-prone PCR or DNA-shuffling.
Libraries from four generations (a total of 50,000 colonies) were assayed by
selection on agar plates with increasing concentrations of Moxalactam (a b-lactam
antibiotic). Only those clones could survive that were able to hydrolyze the b-
lactam antibiotic. The best variants from error-prone PCR gave only an eightfold
increased activity, but the best chimeras from multiple gene-shuffling showed
270–540-fold resistance to Moxalactame [46]. Sequencing of a mutant revealed
low homology compared to the parental genes and a total of 33 amino acid
substitutions and seven crossovers were found. These changes would have been
rather impossible to achieve using error-prone PCR and single-gene shuffling only;
thus, these investigations demonstrated the power of DNA-shuffling.

Mutants of an esterase from Pseudomonas fluorescens (PFE) produced by
directed evolution using the mutator strain Epicurian coli XL1-Red were assayed
for altered substrate specificity using a selection procedure [28]. The key to the
identification of improved variants acting on a sterically hindered 3-hydroxy
ester—which was not hydrolyzed by the wild-type esterase—was an agar plate
assay system based on pH-indicators, thus leading to a change in color upon
hydrolysis of the ethyl ester. Parallel assaying of replica-plated colonies on agar
plates supplemented with the glycerol derivative of the 3-hydroxy ester was used
to refine the identification, because only E. coli colonies producing active esterases
had access to the carbon source glycerol, thus leading to enhanced growth and, in
turn, larger colonies. By this strategy, a double mutant was identified that effi-
ciently catalyzed hydrolysis.

Screening-based systems (not to be confused with the use of the term
‘‘screening’’ for the identification of microorganisms) are much more frequently
used. Due to the very high number of variants generated by directed evolution,
common analytical tools such as gas chromatography and HPLC are less useful, as
they are usually too time consuming. High-throughput GC–MS or NMR tech-
niques have also been described, but these require the availability of rather
expensive equipment and, in the case of screening for enantioselective biocata-
lysts, the use of deuterated substrates. Phage display, ribosome display, and flu-
orescense-activated cell sorting (FACS) are the methods of choice to screen very
large mutant libraries containing on the order of [106 variants [47–49], but they
are not generally applicable. Examples for the use of FACS are given in Sect. 3.2.
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The most frequently used methods are based on photometric and fluorimetric
assays performed in microtiter plate (MTP)-based formats in combination with
high-throughput robot assistance. These allow a rather accurate screening of
several tens of thousands of variants within a reasonable time, and provide
information about the enzymes investigated, notably their activity, by determining
initial rates or endpoints and their stereoselectivity by using both enantiomers of
the compound of interest. One versatile example is the use of umbelliferone
derivatives. Esters or amides of umbelliferone are rather unstable, especially at
extreme pH and at elevated temperatures, but these ether derivatives are very
stable as the fluorophore is linked to the substrate via an ether bond. Only after the
enzymatic reaction and treatment with sodium periodate and bovine serum albu-
min (BSA), is the fluorophore released [50]. A few other techniques are outlined in
Sects. 3.1 and 3.2. Three recent extensive reviews cover the use of protein engi-
neering methods to obtain better enzymes for organic synthesis [7–9].

3 Cell-Free Protein Expression

Protein engineering is commonly based on the use of a microorganism (Esche-
richia coli in most cases) to create the mutant library. This, however, can be
encountered with disadvantages. Even if the enzyme of interest is functionally
expressed without formation of inclusion bodies, the presence of many other
enzymes in the host cell can lead to substantial background activities affecting the
assay to identify the desired mutants, undesired side reactions can occur, or the
amount of the recombinant enzyme is too low to measure the activity over the
background. Also it can be laborious to prepare samples for the measurement as
steps such as cell disruption, centrifugation, and transfer of cell lysate to an assay
plate are required. Furthermore, if the protein of interest is toxic to the host, then
this approach will not be applicable.

Consequently, researchers developed alternatives such as display of the mutant
library on the cell surface [51–53], which could be successfully established for
E. coli and Saccharomyces cerevisiae. With this surface display, for instance,
enantioselective variants of an esterase could be identified [54, 55]. A more widely
used method is cell free protein expression. This is based on in vitro transcription
and translation (IVTT) of a DNA (or RNA) template using extracts from E. coli or
wheat germ containing all components necessary for protein biosynthesis [56].
IVTT is nowadays a well-established method: several systems are commercially
available, it permits the direct use of PCR templates of mutant libraries, and the
protein of interest is produced in reasonable amounts and at high purity. Thus
IVTT can help to overcome the issues mentioned above for whole cell expression.
Furthermore, a direct linkage between genotype and phenotype can be established
facilitating the identification of the encoding gene once the desired enzyme variant
has been found in an assay. More details about IVTT can be found elsewhere in
this issue (see Cell-Free Systems: Functional Modules for Synthetic and
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Chemical Biology). IVTT also turned out to be a very useful concept for protein
engineering where in vitro compartmentalization (IVC) or microfluidic systems
are used for library production and screening of desired variants.

3.1 In Vitro Compartmentalization

In vitro compartmentalization (IVC) allows the physical separation of each
enzyme variant in a protein-engineering experiment. In contrast to standard
screening methods (see Sect. 2.2) where mutant libraries are transferred to
microtiter plates to enable separate measurement of each variant, in IVC either
whole cells or single proteins from IVTT productions are separated. Initially IVC
was developed using E. coli by creating water-in-oil emulsions of tiny droplets
containing statistically a single E. coli cell, each expressing a different enzyme
variant. These droplets can have volumes in the femtoliter range and diameters
around 1 lm. A 1 ml E. coli culture can contain [ 108 cells and it was shown that
IVC allows [1010 droplets in 1 ml of emulsion, the equivalent of [100,000
microtiter plates. Later, the same principle was transferred to IVTT systems in
which the components needed for protein expression, the template gene, and a
substrate are encapsulated in the emulsified droplets (Fig. 2) [47, 57]. Combined
with the relative ease of preparation, high stability over a broad range of tem-
perature, pH, and salt concentrations, IVC represents a useful tool especially for
miniaturization and parallelization of enzymatic reactions. However, IVC also has
disadvantages. First, the amount of active protein produced per droplet is very
small and hence the detection limit for the enzymatic activity can be too low to be
measured properly. Second, the substrate must be entrapped in the droplets
(independent whether an E. coli cell or IVTT are used for protein expression)
when the emulsion is prepared. If the substrate is unstable over a longer period of
incubation time, then the activity measurement may give misleading results. Third,
a fluorescent product is usually formed to overcome the issues with the detection
limit and to enable identification of desired proteins with a fluorescence-activated
cell sorter (FACS). Substrate and product differ substantially, however, from the
structure of the real target molecule and thus the risk is high that mutants are
identified, which show optimal activity or selectivity for the surrogate substrate,
but do not show identical properties towards the real substrate of interest in
accordance to the first law of directed evolution ‘‘You get what you screen for.’’
Finally, the IVC approach only allows endpoint measurements, but barely the
determination of enzyme kinetics. This becomes very important, if the wildtype
enzyme already shows activity for the substrate used and variants are searched for
with improved activity increasing the risk for false-positive results.
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3.2 Microfluidic Systems

Microfluidic systems have recently also become important for protein engineering.
This tool allows the creation of microdroplets in a controlled and sophisticated
manner. For instance, aqueous microdroplets can be formed at a rate of up to
10,000 per second to form a monodisperse single emulsion or double emulsion.

Fig. 2 Principle of compartmentalization for the selection of mutant enzymes. A gene library is
either transformed into a bacterium (1) or subjected to IVTT in water-in-oil emulsions in the
presence of the substrate (2). In the next step, water-in-oil-in-water emulsions are prepared (3).
Enzyme variants produced in each of these compartmentalized systems convert the substrate into
a fluorescent product (4). Finally, these droplets are then analyzed by FACS. Droplets containing
the desired product are sorted out maintaining the physical linkage between phenotype and
genotype. The nucleotide and protein sequence of the mutant can then be determined and the
protein produced on a larger scale to perform proper biochemical characterization (reproduced
from Ref. [57] with permission from Elsevier)
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Major advantages are that systems can be designed to fuse droplets, allowing the
addition of substrate from one droplet to another droplet containing the protein of
interest, then subdividing them, incubating them in delay lines to prolong enzy-
matic reaction times, and they can be sorted, for example, by FADS, dielectro-
phoresis, or electrocoalesence (Fig. 3). Thus, microfluidic systems can overcome
some limitations of IVC while keeping its advantages.

The application of microfluidic systems for protein engineering has been suc-
cessfully demonstrated for the directed evolution of horseradish peroxidase (HRP)
[58]. Mutant libraries created by error-prone PCR were expressed on the surface of
the yeast S. cerevisiae EBY100, encapsulated, and subjected to the microfluidic
device. Analysis of an initial population of *107 cells by fluorescence measure-
ment allowed sorting the brightest droplets. Biochemical characterization revealed
that after a second round of sorting, variants of HRP could be identified as being 10
times faster than the wildtype with activities close to the diffusion limit. The entire
screening took less than 10 h using \150 ll total reagent volume. This without
doubt represents a dramatic reduction of costs and time compared to standard robotic
systems. In another example, a microfluidic workflow was developed in which
cytoplasmatic protein expression in E. coli, cell lysis, and reaction progress by
fluorescent measurement could be established at the picoliter droplet scale using
water-in-oil-droplets. This system could be used to identify arylsulfatase variants
with significantly improved activity and expression levels [58]. More recently, the

Fig. 3 Formation and manipulation of microdroplets in microfluidic systems (reproduced from
Ref. [57] with permission from Elsevier)
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Griffiths group could demonstrate that the microfluidic system can also be combined
with IVTT [59]. Here single genes were compartmentalized in aqueous droplets,
dispersed in an inert carrier oil, and amplified by PCR. The droplets containing
30,000 copies of each gene were then fused with droplets containing the IVTT
ingredients and the substrate for the fluorogenic assay. With this concept, the authors
were able to separate mixtures of lacZ genes encoding an active b-galactosidase
from lacZmut genes encoding an inactive variant at an impressive speed of 2,000
droplets per second.

4 Conclusions

The methods and examples covered in this short contribution should demonstrate
that protein engineering has reached a mature level to improve properties of the
enzyme of interest in a rather straightforward manner. Researchers now can
choose from a variety of concepts for the creation and design of mutant libraries.
Furthermore, the recently developed tools for in vitro transcription and translation
in combination with in vitro compartmentalization now enable searching within
very large libraries ([106 members) using either FACS or microfluidic systems to
find the improved variants. This can lead to a substantial reduction in costs and
labor to solve a given protein engineering problem and might become competitive
to rather classical systems where high-throughput screening is performed in
microtiter plates.
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