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Introduction to Directed Evolution

1.1
General Definition and Purpose of Directed Evolution of Enzymes

Enzymes have been used as catalysts in organic chemistry for more than a century
[1a], but the general use of biocatalysis in academia and, particularly, in industry
has suffered from the following often encountered limitations [1b–d]:

• Limited substrate scope
• Insufficient activity
• Insufficient or wrong stereoselectivity
• Insufficient or wrong regioselectivity
• Insufficient robustness under operating conditions.

Sometimes, product inhibition also limits the use of enzymes. All of these
problems can be addressed and generally solved by applying directed evolution
(or laboratory evolution as it is sometimes called) [2]. It mimics Darwinian
evolution as it occurs in Nature, but it does not constitute real natural evolu-
tion. The process consists of several steps, beginning with mutagenesis of the
gene encoding the enzyme of interest. The library of mutated genes is then
inserted into a bacterial or yeast host such as Escherichia coli or Pichia pastoris,
respectively, which is plated out on agar plates. After a growth period, single
colonies appear, each originating from a single cell, which now begin to express
the respective protein variants. Multiple copies of transformants as well as
wild-type (WT) appear, which unfortunately decrease the quality of libraries and
increase the screening effort. Colony harvesting must be performed carefully,
because cross-contamination leads to the formation of inseparable mixtures
of mutants with concomitant misinterpretations. The colonies are picked by a
robotic colony picker (or manually using toothpicks), and placed individually
in the wells of 96- or 384-format microtiter plates that contain nutrient broth.
Portions of each well-content are then placed in the respective wells of another
microtiter plate where the screening for a given catalytic property ensues. In
some (fortunate) cases, an improved variant (hit) is identified in such an initial
library, which fulfills all the requirements for practical application as defined
by the experimenter. If this does not happen, which generally proves to be the
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Scheme 1.1 The basic steps in directed evolution of enzymes. The rectangles represent 96
well microtiter plates that contain enzyme variants, the red dots symbolizing hits.

case, then the gene of the best variant is extracted and used as a template in
the next cycle of mutagenesis/expression/screening (Scheme 1.1). This mimics
“evolutionary pressure,” which is the heart of directed evolution.
In most directed evolution studies further cycles are necessary for obtaining

the optimal catalyst, each time relying on the Darwinian character of the overall
process. A crucial feature necessary for successful directed evolution is the linkage
between phenotype and genotype. If a library in a recursive mode fails to harbor
an improved mutant/variant, the Darwinian process ends abruptly in a local min-
imum on the fitness landscape. Fortunately, researchers have developed ways to
escape from such local minima (“dead ends”) (see Section 4.3).
Directed evolution is thus an alternative to so-called “rational design” in

which the researcher utilizes structural, mechanistic, and sequence informa-
tion, possibly flanked by computational aids, in order to perform site-directed
mutagenesis at a given position in a protein [3]. The molecular biological
technique of site-specific mutagenesis with exchange of an amino acid at a
specific position in a protein by one of the other 19 canonical amino acids was
established by Michael Smith in the late 1970s [4a] which led to the Nobel
Prize [4b]. The method is based on designed synthetic oligonucleotides and has
been used extensively by Fersht [4c] as well as numerous other researchers in
the study of enzyme mechanisms [4b]. This approach to protein engineering
has also been fairly successful in thermostabilization experiments in which, for
example, mutations leading to stabilizing disulfide bridges or intramolecular
H-bridges are introduced “rationally” [5]. Nevertheless, in a vast number of
other cases, directed evolution of protein robustness constitutes the superior
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strategy [6]. Moreover, when aiming for enhanced or reversed enantioselectivity,
diastereoselectivity, and/or regioselectivity, rational design is muchmore difficult
[3], in which case directed evolution is generally the preferred strategy [7].
In some cases, researchers engaging in rational design actually prepare a set
of mutants, test such a “library” and even combine the designed mutations, a
process that resembles “real” laboratory evolution, as shown by Bornscheuer and
coworkers who generated 28 rationally designed variants of a lipase, one of them
showing an improved catalytic profile [8]. Other examples are listed in Table 5.1
in Chapter 5. However, this technique has limitations, and standard directed
evolution approaches are more general and most reliable.
Directed evolution of enzymes is not as straightforward as it may appear to be

at this point. The challenge in putting the above principles into practice has to
do with the vastness of protein sequence space. High structural diversity is eas-
ily designed in mutagenesis, but the experimenter is quickly confronted by the
so-called “numbers problem” which in turn relates to the screening effort (bottle-
neck). When mutagenizing a given protein, the theoretical number of variants N
is described by Eq. (1.1), which is based on the use of all 20 canonical amino acids
as building blocks [2]:

N = 19MX!∕[(X − M)!M!] (1.1)

where M denotes the total number of amino acid substitutions per enzyme
molecule and X is the total number of residues (size of protein in terms of amino
acids). For example, when considering an enzyme composed of 300 amino acids,
5700 different mutants are possible if one amino acid is exchanged randomly,
16million if two substitutions occur simultaneously, and about 30 billion if three
amino acids are substituted simultaneously [2].
Such calculations pinpoint a dilemma that accompanies directed evolution to

this day, namely how to probe the astronomically large protein sequence space
efficiently. One strategy is to limit diversity to a point at which screening can
be handled within a reasonable time, but excessive diversity reduction should
be avoided because then the frequency of hits in a library diminishes and may
tend toward zero in extreme cases. Finding the optimal compromise constitutes
the primary issue of this monograph. A very different strategy is to develop
selection systems rather than experimental platforms that require screening. In
a selection system, the host organism thrives and survives because it expresses a
variant having the catalytic characteristics that the researcher wants to evolve. A
third approach is based on the use of various types of display systems, which are
sometimes called “selection systems,” although they are more related to screening.
These issues are delineated in Chapter 2, which serves as a guide for choosing the
appropriate system. Since it is extremely difficult to develop genuine selection
systems or display platforms for directed evolution of stereo- and regioselective
enzymes, researchers had to devise medium- and high-throughput screening
systems (Chapter 2).
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1.2
Brief Account of the History of Directed Evolution

Scientists have strived for a long time to “reproduce” ormimic natural evolution in
the laboratory. In 1965–1967 Spiegelman and coworkers performed a “Darwinian
experiment with a self-duplicating nucleic acid molecule” (RNA) outside a living
cell [9]. It was believed that this mimics an early precellular evolutionary event.
Later investigations showed that Spiegelman’s RNA molecules were not truly
self-duplicating, but his contributions marked the beginning of a productive new
area of research on RNA evolution as fueled by such researchers as Szostak,
Joyce, and others [10]. At this point, it should be noted that directed evolution at
RNA level is a very different field of research with totally different goals, focusing
on selection of RNA aptamers, selection of catalytic RNAmolecules, or evolution
of RNA polymerase ribozyme and of ribozymes by continuous serial transfer
[10]. The history of directed evolution in this particular area has been reviewed
[10b, 11]. The term “directed evolution” in the area of protein engineering was
used as early as 1972 by Francis and Hansche, describing an in vivo system
involving an acid phosphatase in Saccharomyces cerevisiae [12]. In a population
of 109 cells, spontaneous mutations in a defined environment were continuously
monitored over 1000 generations for their influence on the efficiency and
activity of the enzyme at pH6. A single mutational event (M1) induced a 30%
increase in the efficiency of orthophosphate metabolism. The second mutational
event (M2 in the region of the structural gene) led to an adaptive shift in the
pH optimum and in the enhancement of phosphatase activity by 60%. Finally,
the third event (M3) induced cell clumping with no effect on orthophosphate
metabolism [12].
In the 1970s, further contributions likewise describing in vivo directed evolu-

tion processes appeared sporadically. The contribution of Hall using the classical
microbiological technique of genetic complementation constitutes a prominent
example [13]. In one of the earliest directed evolution projects, new functions
for the ebgA (ebg = evolved ß-galactosidase) were explored (Scheme 1.2) [13b].
Growth on different carbohydrates as the energy source was the underlying evolu-
tionary principle.WT ebgAo is an enzyme showing very little or no activity toward
certain carbohydrates such as the natural sugar lactose. It was shown, inter alia,
that for an E. coli strain with lac2 deletion to obtain the ability to utilize lactobion-
ate as the carbon source, a series of mutations must be introduced in a particular
order in the ebg genes. It was also found experimentally, when growing cells on
different carbon sources, that in some cases old enzyme functions either remain
unaffected or are actually improved.
Two decades later, the technique was extended by Kim and coworkers [14a].

It may have inspired other groups to study and develop new evolution experi-
ments, for example, by Lenski and coworkers who investigated parallel changes in
gene expression after 20 000 generations of evolution in bacteria [14b], and more
recently by Liu and coworkers who implemented a novel technique for continuous
evolution [14c] including a phage-assisted embodiment [14d].
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Scheme 1.2 Pedigree of ebgA alleles in
evolved strains [13b]. Strain 1B1 carries
the wild type allele, ebgAO. Strains on line
one have a single mutation in the ebgA
gene; those in line two have two muta-
tions in ebgA; those in line three have three
mutations in ebgA. All strains are ebgR.
Strains enclosed in rectangles were selected
for growth on lactose; those enclosed in

diamonds were selected for growth on
lactulose; those in circles were selected for
growth on lactobionate. This pedigree shows
only the descent of the ebgA gene; that
is, strains SJ-17, A2, 5A2, and D2 were not
derived directly from IBI, but their ebgA alle-
les were derived directly from the ebgA allele
carried in IBI. (Hall [13b]. Reproduced with
permission of Genetic Society of America.)

Although originally not specifically related to directed evolution, developments
such as the Kunkel method of mutational specificity based on depurination
[15] deserves mention because it was used two decades later in mutant library
design based on error-prone rolling circle amplification (epRCA) [16]. These
and many other early developments inspired scientists to speculate about the
potential applications of directed evolution in biotechnology. In 1984, Eigen and
Gardiner formulated these intriguing perspectives by emphasizing the necessity
of self-replication in molecular in vitro evolution [17]. At that time the best self-
replication system for the laboratory utilized the replication of single-stranded
RNA by the replication enzyme of the coliphage Qf3.The logic of laboratory Dar-
winian evolution involving recursive cycles of gene mutagenesis, amplification,
and selectionwas formulated schematically (Scheme 1.3), although the generation
of bacterial colonies on agar plates for ensuring the genotype–phenotype relation
(Scheme 1.1) as employed later by essentially all directed evolution researchers
was not considered. It should be stated that in the early 1980s the polymerase
chain reaction (PCR) for high-fidelity DNA amplification had not yet been
developed. Following its announcement in the 1980s by Mullis [18], completely
new perspectives emerged for many fields, including directed evolution.
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10 START WITH SELECTED GENOTYPE

20 LET IT REPRODUCE, MUTATING OCCASIONALLY

30 FORCE DIFFERENT GENOTYPES TO COMPETE

40 NATURAL SELECTION OF QUASI-SPECIES AROUND BEST-ADAPTED GENOTYPE OCCURS

50 WHEN ADVANTAGEOUS MUTANT APPEARS – GO TO 10 

Scheme 1.3 Logic of Darwinian evolution in the laboratory according to Eigen and
Gardiner [17]. (Adapted from Eigen and Gardiner [17]. Reproduced with permission of
De Gruyter.)

Parallel to these developments, researchers began to experiment with different
types of mutagenesis methods in order to generate mutant libraries, which were
subsequently screened or selected for an enzyme property, generally protein ther-
mostability. Sometimes mutagenesis methods were introduced without any real
applications at the time of publication. These and other early contributions, as
summarized in a 1997 review article [19], paved the way to modern directed evo-
lution [2]. Only a few early representative developments are highlighted here. In
1985, Matsumura and Aiba subjected kanamycin nucleotidyltransferase (cloned
into a single-stranded bacteriophage M13) to hydroxylamine-induced chemical
mutagenesis [20]. Following recloning of themutagenized gene of the enzyme into
the vector plasmid pTB922, the recombinant plasmid was employed to transform
Bacillus stearothermophilus so that more stable variants could be identified by
screening. About 12 out of 8000 transformants were suspected to harbor ther-
mostabilized variants, the best one being characterized by a single point muta-
tion and a stabilization of 6 ∘C. A number of other early papers concerning the
robustness of T4 lysozyme by chemically induced random mutagenesis likewise
contributed to directed evolution of protein thermostabilization, as summarized
by Matthews and coworkers in a 2010 review article [21].
Today, many protein engineers maintain that the discovery of improved

enzymes in an initial mutant library does not (yet) constitute an evolutionary pro-
cess, and that at least one additional cycle of mutagenesis/expression/screening as
shown in Scheme 1.1 is required before the term “directed evolution” applies [2].
The first example of two mutagenesis cycles was reported by Hageman and
coworkers in 1986 in their efforts to enhance the thermostability of kanamycin
nucleotidyltransferase by an evolutionary process based on a mutator strain
[22]. Basically, this seminal study consisted of cloning the gene that encodes the
enzyme from a mesophilic organism, introducing the gene into an appropriate
thermophile and selecting for activity at the higher growth temperatures of the
host organism (in this case B. stearothermophilus). The host organism is resistant
to the antibiotic at 47 ∘C, but not at temperatures above 55 ∘C. Upon passing a
shuttle plasmid through the E. coli mutD5 mutator strain and introduction into B.
stearothermophilus, a point mutation that led to resistance to kanamycin at 63 ∘C
was identified, namely Asp80Tyr. Using this as a template, the second round was
performed under higher selection pressure at 70 ∘C, leading to the accumulation
of mutation Thr130Lys, the respective double mutant Asp80Tyr/Thr130Lys
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Scheme 1.4 Early example of directed evolution of thermostability with kanamycin
nucleotidyltransferase (KNT) serving as the enzyme and a mutator strain as the random
mutagenesis technique in an iterative manner [22].

showing even higher thermostability (Scheme 1.4) [22]. The Darwinian character
of this approach to thermostabilization of proteins is self-evident.
The original site-specific mutagenesis established by Smith allows the specific

exchange of any amino acid in a protein by any one of the other 19 canonical amino
acids [4], but the generation of random mutations at a single residue or defined
multi-residue randomization site was not developed until later. Early on, several
variations of cassette mutagenesis based on the use of “doped” synthetic oligo-
doxynucleotides were developed, allowing the combinatorial introduction of all of
the 19 other canonical amino acids at a given position [23].These and similar stud-
ies were performed for different reasons, not all having to do with enzyme catal-
ysis. The study by Wells and coworkers is highlighted here, because it constitutes
a clever combination of rational design and directed evolution for the purpose of
increasing the robustness of the serine protease subtilisin (enhanced resistance to
chemical oxidation) [24]. Focused random mutagenesis was induced by cassette
mutagenesis (see Section 3.3 for the details of this and other saturation mutage-
nesis methods). At the time it was known that residue Met222 constitutes a site
at which undesired oxidation occurs. Therefore, saturation mutagenesis was per-
formed at this position, which led to several improved variants showing resistance
to 1MH2O2 as measured by the reaction of N-succinyl-L-Ala-L-Ala-L-Pro-L-Phe-
p-nitroanilide, including mutants Met222Ser, Met222Ala, and Met222Leu [24].
As pointed out by Ner et al. in 1988, a disadvantage of cassette mutagenesis as

originally developed is the fact that the synthetic oligodeoxynucleotides in form
of a cassette have to be introduced between two restriction sites, one on either
side of the to be randomized sequence [25]. Since the restriction sites had to be
generated by standard oligodeoxynucleotide mutagenesis, additional steps were
necessary prior to the actual randomization procedure. Therefore, an improved
version was developed using a combination of the known primer extension
procedure [26] and Kunkel’s method of strand selection [27]. The technique
uses a mixed pool of oligodeoxynucleotides prepared by contaminating the
monomeric nucleotides with low levels of the other three nucleotides so that the
full-length oligonucleotide contains on average one to two changes/molecules.
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It was employed in priming in vitro synthesis of the complementary strand of
cloned DNA fragments in M13 or pEMBL vectors, the latter having been passed
through the E. coli host. The method allows random point mutations as well as
codon replacements. Scheme 1.5 illustrates the case of the MATa1 gene from
S. cerevisiae [25].
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Scheme 1.5 Mixed oligonucleotide mutagenesis of the gene MATa1 from Saccharomyces
cerevisiae [25]. (Ner et al. [25]. Reproduced with permission of Mary Ann Liebert, Inc.)

Further variations and improvements appeared in the late 1980s.These include
the generation of mutant libraries using spiked oligodeoxyribonucleotide primers
according to Hermes et al. [28]. The use of overlap extension polymerase chain
reaction (OE-PCR) for site-specific mutagenesis constitutes a seminal contribu-
tion by Pease and coworkers at the Mayo Clinic, which has influenced directed
evolution because it can be employed in saturation mutagenesis [29]. OE-PCR
can also be used for insertion and deletion mutations [30].
In yet another contribution appearing in the 1980s, Dube and Loeb generated

ß-lactamase mutants that render E. coli resistant to the antibiotic carbenicillin
by replacing the DNA sequence corresponding to the active site with random
nucleotide sequences without exchanging the codon encoding catalytically active
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Ser70 [31].The inserted oligonucleotide Phe66XXXSer70XXLys73 contains 15 base
pairs of chemically synthesized random sequences that code for 2.5million amino
acid exchanges. It should be noted that ß-lactamase is an ideal enzyme with which
randomization-based protein engineering can be performed because a simple and
efficient selection system is available (see Chapter 2).
Further variations and improvements of site-specific mutagenesis appeared in

the 1990s (see Chapter 3 for details), which were extended to allow randomization
at more than one residue site. Based on some of these developments, the so-called
QuikChangeTM protocol for saturationmutagenesis emerged in 2002 [32], which is
described in detail in Section 3.3. Another important version of saturation muta-
genesis is the “megaprimer” method of site-specific mutagenesis introduced by
Kammann et al. [33] and improved by Sarkar and Sommer in 1990 [34].Theoverall
procedure is fairly straightforward and easy to perform, but it also has limitations
as discussed in Section 3.3. These and other early developments of site-directed
mutagenesis, which can also be used for randomization, were summarized by
Reikofski and Tao in 1992 [35].
In 1989, a landmark study was published by Leung et al. describing error-prone

polymerase chain reaction (epPCR) [36a], but it was not applied to enzymes until
a few years later (see following text). It relies on Taq polymerase or similar DNA
polymerases that lack proofreading ability (no removal of mismatched bases). In
order to control the mutational rate, the reaction conditions need to be optimized
by varying such parameters as the MgCl2 or MnCl2 concentrations and/or
employing unbalanced nucleotide concentrations (see details in Section 3.3)
[36b].
The first applications of epPCR are due to Hawkins et al. in 1992 [37], who

reported in vitro selection and affinity maturation of antibodies from combinato-
rial libraries.The creation of large combinatorial libraries of antibodies was a new
area of science at the time, as shown earlier by Lerner and coworkers using differ-
ent techniques [38]. It should be noted that epPCR suffers from various limitations
[39] that are discussed in Section 3.2. To this day, the technique continues to be
employed, especially when X-ray structural data of the protein is not available.
A different but seldom used molecular biological random mutagenesis method
was developed and applied in 1992/1993 by Zhang et al. in order to increase the
thermostability of aspartase as a catalyst in the industrially important addition
reaction of ammonia to fumarate with formation of L-aspartic acid [40]. Unbal-
anced nucleotide amounts were used in a special way, but from today’s perspective
it is clear that diversity is lower than in the case of epPCR [40b].
In 1993, Chen and Arnold published a key paper describing the use of

random mutagenesis in the quest to increase the robustness of the protease
subtilisin E in aqueous medium containing a hostile organic solvent (dimethyl-
formamide, DMF) [41]. First, the mutations of three variants obtained earlier by
rational design were combined with formation of the respective triple mutant
Asp60Asn/Gln103Arg/Asn218Ser to which was added a fourth point muta-
tion Asp97Gly, leading to variant Asp60Asn/Gln103Arg/Asn218Ser/Asp97Gly
(“4M variant”). The HindIII/BamHI DNA fragment of 4M subtilisin E from
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residue 49 to the C-terminus was then employed as the template for PCR-based
random mutagenesis. Thus, this diverges a little from epPCR as originally
developed by Leung et al. [36a] which addresses the whole gene. The PCR
conditions were modified so that the mutational frequency increased (including
the use of MnCl2). An easy to perform prescreen for activity was developed
using agar plates containing 1% casein, which upon hydrolysis forms a halo. The
roughly identified active mutants were then sequenced and used as catalysts
in the hydrolysis of N-succinyl-L-Ala-L-Ala-L-Pro-L-Met-p-nitroanilide and
N-succinyl-L-Ala-L-Ala-L-Pro-L-Phe-p-nitroanilide. Upon going through three
cycles of random mutagenesis, the final best hit PC3 was identified as having a
total of 10 point mutations. The catalytic efficiency of variant PC3 relative to WT
subtilisin E in aqueous medium containing different amounts of DMF is shown
in Figure 1.1 [41].
Upon generating 10 single mutants corresponding to the 10 point mutations

that accumulated successively, it was discovered that they are not additive. All of
the point mutations that influence activity in the presence of DMF were found to
be on the surface of the enzyme, and none were found in the conserved 𝛼-helix
and ß-sheet structures. Rather, they are located in the loops that interconnect the
core secondary structures [41]. Another significant aspect of this work is the fact
that not just initial mutant libraries were created as in most other studies of the
1980s, but that the protocol constitutes another example of more than one cycle
of mutagenesis, expression, and screening as demonstrated earlier by Hageman
and coworkers (Scheme 1.4) [22]. The use of recursive cycles clearly underscores
the Darwinian nature of this procedure.
In 1996, the Arnold group applied conventional epPCR [36] in a study directed

toward increasing the robustness and activity of subtilisin E in 30% aqueous DMF
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Figure 1.1 Catalytic efficiency of WT subtilisin E and variant PC3 as catalysts in the
hydrolytic cleavage of N-succinyl-L-Ala-L-Ala-L-Pro-L-Met-p-nitroanilide [41]. (Adapted from
Chen and Arnold [41]. Reproduced with permission of National Academy of Sciences.)
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as a catalyst in the hydrolysis of p-nitrophenyl esters [42]. Four cycles of epPCR
were transversed, p-nitrophenylacetate serving as the model substrate that forms
acetic acid and p-nitrophenol. The latter has a yellow color and can then be used
conveniently in the UV/vis-based screening system, a well-known assay used in
biochemistry for decades.The improved mutants were then tested successfully as
robust catalysts in the hydrolysis of p-nitrobenzyl esters in 30% aqueous DM [42].
New methods promising practical applications were developed in the 1980s,

a key study by Horton et al. being a prime example [43]. It is an extension of
their earlier work on OE-PCR [29]. Fragments from two genes that are to be
recombined are first produced by separate PCR, the primers being designed so
that the ends of the products feature complementary sequences (Scheme 1.6).
Upon mixing, denaturing, and reannealing the PCR products, those strands that
have matching sequences at their 3′ ends overlap and function as primers for
each other. Extension of the overlap by a DNA polymerase leads to products in
which the original sequences are spliced together.This recombinant technique for
producing chimeric genes was called splicing by overlap extension (SOE), which
also allows the introduction of random errors (mutations). The technique was

a Gene I
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Fragment CD

(3)
d

a

d

a

d

Gene IIc

d

a+b

Recombinant product
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Scheme 1.6 Steps in the recombinant technique of splicing by overlap extension
(SOE), illustrated here using two different genes [43]. (Adapted from Horton et al. [43].
Reproduced with permission of Elsevier.)
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illustrated using two different mouse class-I major histo-compatible genes.
However, at the time it was not exploited by the biotechnology community active
in directed evolution [43].
The recombinant process of SOE can be considered to be a forerunner of DNA

shuffling, an efficient and general recombinant technique introduced by Stemmer
in 1994 [44]. Another forerunner of DNA shuffling was developed by Brown, who
coined the term “oligonucleotide shuffling” in 1992when evolvingmutants of theE.
coli phage receptor that displayed enhanced adhesion to iron oxide [45]. Libraries
of randomized oligonucleotides were shuffled in a process reminiscent of exon
shuffling [46].
DNA shuffling goes far beyond these forerunners. It is a process that simulates

sexual evolution as it occurs in Nature. In the original study, ß-lactamase served
as the enzyme, the selection system being based on the increased resistance to an
antibiotic. DNA shuffling is illustrated here when starting with mutants of a given
enzyme (Scheme 1.7). Family shuffling, introduced in 1998 Winter, is a variation
which in many cases constitutes the superior approach [47] (see Section 3.4 for a
description of this technique and other recombinant methods).

Wild type

Gene 1

Gene 2

Gene 3

DNA-shuffling

Chimeric genes

....

Gene 4

Mutation

Scheme 1.7 DNA shuffling starting from a single gene encoding a given enzyme.

These seminal papers sparked a great deal of further research in the area of
directed evolution in the 1990s. In many of the studies, recombinant and/or non-
recombinant methods were applied in order to shed light on the mechanism of
enzymes, but usually only initial mutant libraries were considered. To this day,
directed evolution is often employed in the quest to study enzyme mechanisms
rather than for the purpose of evolving altered enzymes for practical purposes.
Contributions by Benkovic and coworkers [48] are prominent examples, as are the
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studies by Hecht and coworkers concerning binary patterning [49]. In an informa-
tive overview by Lutz andBenkovic that appeared in 2002,many of these and other
early developments in directed evolution were assessed [50]. For example, the
invention of phage display by Smith in 1985 [51], although originally not intended
for protein engineering, was employed by Winter et al. [52] and Benkovic and
coworkers [53] for antibody selection, and by several groups for evolving catalytic
profiles, including Fastrez and coworkers [54], Lerner and coworkers [55], Winter
et al. [56], and Schultz and coworkers [57].
Phage display inspired the development of several other early display platforms

such as ribosomal display by Szostak and coworkers [58] and yeast display in the
same year by Boder andWittrup [59], which set the stage for many exciting devel-
opments in directed evolution. Although flow cytometry had been developed at
an early stage, it was not combined with fluorescence-activated cell sorter (FACS)
technology for application in directed evolution until much later, as demonstrated
by the early pioneering contributions of Georgiou and coworkers [60].The water-
in-oil emulsion technology, elegantly developed by Griffiths and Tawfik [61], like-
wise deservesmention. All of these selection platforms, which are really screening
techniques [62], are useful in a number of protein engineering applications, but to
this day their utilization in the laboratory evolution of stereo- and/or regioselec-
tive enzymes remains marginal (see Chapter 2).
Thedistinction between selection and screening [63a]was recognized byHilvert

and coworkers in the 1990s, who consequently developed impressive selection
systems in which the host organism experiences a growth advantage due to the ge-
neration of enzyme mutants displaying desired properties [63b]. Applying this to
stereo- and/or regioselectivity remains a challenge [62], as delineated inChapter 2.
The generation of selective catalytic monoclonal antibodies can be considered

to be based on evolutionary principles, but despite impressive contributions [64],
these biocatalysts have not entered a stage of practical applications in stereoselec-
tive organic chemistry or biotechnology. This appears to be because the immune
system functions on the basis of binding, and not on catalytic turnover [64c].
In directed evolution of enzymes as catalysts in organic chemistry and biotech-

nology, an important early contribution by Patrick and Firth describing algorithms
for designingmutant libraries based on statistical analyses has influenced the field
to this day [65]. Ostermeier developed a similar metric [66], and Pelletier has
extended these statistical models [67]. Later, these contributions led to further
developments, for example, the incorporation of the Patrick/Firth algorithm in
two other computer aids, CASTER for user-friendly design of saturation mutage-
nesis libraries for activity, stereo- and regioselectivity, and B-FITTER for design-
ing libraries of mutants displaying improved thermostability [68], both available
free of charge on the author’s homepage (http://www.kofo.mpg.de/en/research/
biocatalysis) [68], (see Section 3.3 for details).
While the creation of enhanced enzyme thermostability paved the way for

potential applications in biotechnology, realizing the potentially broad utility
of directed evolution as a prolific source of selective catalysts in synthetic
organic chemistry was still to come. In the mid-1990s the Reetz group became
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interested in protein engineering because they wanted to develop a new approach
to asymmetric catalysis: the directed evolution of stereoselective enzymes as
catalysts in organic chemistry and biotechnology [69a]. As organic chemists
we speculated that directed evolution could possibly be harnessed to enhance
and perhaps even to invert enantioselectivity of enzymes (Scheme 1.8). Conse-
quently, some of the traditional limitations of biocatalysis (Section 1.1) would
be eliminated, thereby establishing a prolific and unceasing source of stere-
oselective biocatalysts for the major enzyme types including hydrolases (e.g.,
lipases, esterases, epoxide hydrolases), oxidases (e.g., P450-monooxygenases,
Baeyer–Villiger monooxygenases), reductases (e.g., alcohol dehydrogenases,
enoate-reductases), lyases (addition/elimination), isomerases (e.g., epimeriza-
tion), and ligases (e.g., aldolases, oxynitrilases, benzoylformate decarboxylases).
The underlying idea is very different from the traditional development of chiral
synthetic transition metal catalysts or organocatalysts, because the stepwise
increase in stereoselectivity can be expected to emerge as a consequence of
the evolutionary pressure exerted in each cycle. Since stereoselectivity stands
at the heart of modern synthetic organic chemistry, we reasoned that this
complementary approach would enrich the toolbox of organic chemists (for a
personal account of our entry into directed evolution, see [70]).

Bacterial colonies
on agar plate

Screening

for stereoselectivity

Optionally(R) (S)Visualization of
positive mutants

Into bacterial host

Repeat

Mutagenesis of
target gene

Library of mutant
genes in a test tube

Insertion

Colony picking

Bacteria producing mutant
enzymes in nutrient broth

Scheme 1.8 Concept of directed evolution of stereoselective enzymes with (R)- or (S)-
selective mutants being accessible on an optional basis [69]. (Reetz et al. [69a]. Reproduced
with permission of John Wiley & Sons.)

In a proof-of-principle study, the lipase from Pseudomonas aeruginosa (PAL)
was used as the enzyme in the hydrolytic kinetic resolution of ester 1 (Scheme 1.9)
[69a]. WT PAL is a poor catalyst in this reaction because the selectivity factor
measuring the relative rate of reaction of (R)- and (S)-1 amounts to only E = 1.1
with slight preference for (R)-2. Four cycles of epPCR at low mutation rate led to
variant A showing notably enhanced enantioselectivity (E = 11). It is character-
ized by four point mutations S149G/S155L/V476/F259L, which accumulated in a
step-wise manner (Scheme 1.10) [69]. Since even medium-throughput ee-assays
were not available at the time and the first truly high-throughput ee-screening
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system was not developed until 1999 [71], an on-plate pretest as well as a
UV/vis-based screening system for identifying enantioselective lipase mutants
(300–600 transformants/day) had to be developed first [69a] (see Chapter 2).
Although a selectivity factor of E = 11 does not suffice for practical applications,
this study set the stage for the rapid development of directed evolution of stere-
oselective enzymes in which we and many other groups participated (see Chapter
5). Progress up to 2004 covering several different enzyme types was summarized
in two reviews [72]. At that time improved directed evolution strategies for the
PAL-catalyzed asymmetric transformation of rac-1 led to notable enhancement
of the selectivity factor (E = 51), but it was also clear that further methodology
development was necessary in order to promote genuine advances in the field of
directed evolution (see Chapters 3–5).

1.3
Applications of Directed Evolution of Enzymes

Following the early groundbreaking studies of directed evolution (Section 1.2),
this type of protein engineering has rapidly emerged as a major research area
worldwide. Hundreds of studies appear each year describing the evolution of pro-
teins featuring altered properties. In addition to the extensive area of evolved
enzymes as catalysts in synthetic organic and pharmaceutical chemistry as well as
biotechnology, applications extend into an array of very different areas, including:

• Metabolic pathway engineering [73]
• Engineered CRISPR-Cas9 nucleases [74]
• Vaccine production [75a–c]
• Potential universal blood generation [75d]
• Engineered antibodies [76]
• Genetic modification of plants for agricultural and medicinal purposes [77]
• Genetically modified yeasts in food industry [78]
• Photosynthetic CO2 fixation [79]
• Engineered proteins in pollution control [80]
• Engineered enzymes in evolutionary biology for studying natural evolution [81]
• Engineered DNA polymerases for accepting synthetic nucleotides [82].

This monograph features primarily the laboratory evolution of enzymes as cat-
alysts in synthetic organic chemistry and biotechnology, the focus being on the
most important developments during recent years. Rather than being compre-
hensive, general principles, practical guidelines, and limitations are delineated. In
this spirit, mutagenesis techniques and screening systems are described, followed
by the analysis of selected case studies. Where possible, different approaches and
strategies of directed evolution are critically compared.
The complementarity of enzymes andman-made synthetic transitionmetal cat-

alysts and organocatalysts is emphasized where appropriate, as in recent perspec-
tives on biocatalysis [1d, 7d]. With the establishment of directed evolution [2],
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enzyme-based retrosynthetic analyses and, therefore, complex biocatalysis-based
synthesis planning as put forth by Turner and O’Reilly [83] also constitute com-
plementary strategies in synthetic organic chemistry.These developments include
one-pot enzymatic cascade reactions, optionally in combination with man-made
transition metal catalysts, processes that can be implemented with WT and/or
evolved enzymes [84].
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