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Preface

The term directed evolution is relevant in two very different research areas: (i) the
genetic manipulation of functional RNAs as pioneered by Sol Spiegelmann in
1967 in a Darwinian manner and continued by a number of present-day experts
for potential applications, inter alia, as aptamers; and (ii) the genetic manipula-
tion of DNA with the aim to engineer the catalytic profiles of enzymes as catalysts
in organic and pharmaceutical chemistry and in biotechnology. Both approaches
concern the age-old dream of imitating evolution in Nature as it has developed
for billions of years, but of course not wanting to wait for such long periods! This
monograph is a comprehensive treatise on the second research area.

A number of books have appeared on the directed evolution of enzymes (also
called laboratory evolution), generally published by editors who asked scientists
of their choice to write specific chapters on certain special topics. A different
publishing approach is to write a monograph by a single author, specifically in
the field of directed evolution. This would enable a more critical and compara-
tive view of the different mutagenesis approaches and strategies practiced in this
exciting research field. It was first presented in the Wiley-VCH book by Manfred
T. Reetz, titled Directed Evolution of Selective Engymes: Catalysts for Organic
Chemistry (2016). The limitation of this seminal monograph is the fact that the
alternative to directed evolution, namely rational enzyme design as a protein
engineering technique, was not at all highlighted. During the last six years,
the methodology development of directed evolution has continued to produce
notable advances, as have the number of applications in synthetic organic
chemistry, natural products synthesis, and pharmaceutical chemistry. The time
for a second edition of the Reetz monograph seemed to be ripe. However, the
editors of Wiley-VCH made a better and more challenging suggestion, namely
to produce a unique monograph which covers both approaches to protein
engineering with the evolution of selective catalysts. For this transdisciplinary
task, two additional authors were willing to participate, a microbiologist with
experience in applications of enzymes in chemistry and biotechnology and a
bioinformatician with expertise in the computational design of proteins. Thus,
readers may find the languages of chemistry and biology meet to talk about
protein engineering in this book.
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Preface

The present monograph with the title, Engyme Engineering: Selective Catalysts
for Applications in Biotechnology, Organic Chemistry, and Life Science, brings
together three experts who have written a comprehensive treatise on both
approaches to protein engineering, namely directed evolution and rational
enzyme design. We believe that it is ideally suited for master’s and doctoral stu-
dents in university courses, but also for postdocs and other advanced scientists
at different research institutions and those already working in industry. The
first chapter introduces the basic concepts, goals, and mutagenesis methods as
well as the areas of practical applications. Thereafter, several chapters follow in
which the complexity of the material is gradually increased, with further details
and information on effective mutagenesis strategies being offered. Importantly,
the differences, limitations, and advantages of the different approaches are
critically analyzed.

The monograph also contains chapters representing special topics, which are
nevertheless important. These include information on how to evolve protein
robustness under operating conditions as an alternative to traditional enzyme
immobilization, developing promiscuous enzymes, as for example artificial
metalloenzymes, and learning lessons from directed evolution, which reveals
hitherto unnoticed mechanistic intricacies, thereby enabling further effective
methodology developments, which include machine learning. The final chapter
constitutes a concise resume, offers ideas for future research and challenging
applications in organic and pharmaceutical chemistry and biotechnology, and
gives tips on patent problems. The importance of ethical issues is likewise
stressed.

The reader will discover in several chapters how semi-rational directed evolu-
tion and rational enzyme design have merged, specifically by focusing mutations
at sites lining the binding pocket. The graphic on the front cover is a succinct
reminder of this strategy. It features the key as a symbol of the substrate entering
the binding pocket. The optimal shape at the active site for ensuring high stereo-
and/or regioselectivity can be achieved by protein engineering.

March 2023 Manfred T. Reetz, Zhoutong Sun, and Ge Qu
Max-Planck-Institut fiir Kohlenforschung

Miilheim an der Ruhr

Germany

Tianjin Institute of Industrial Biotechnology
Chinese Academy of Sciences
China
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1
Introduction to Directed Evolution and Rational Design
as Protein Engineering Techniques

11
Methods and Aims of Directed Enzyme Evolution

For decades organic chemists have viewed enzymes as possible catalysts in their
toolbox of synthetic methods with a great deal of skepticism, traditional textbooks
hardly mentioning them. Indeed, even modern monographs on organic chem-
istry provide little information on the importance of these biocatalysts [1]. On the
other hand, textbooks on enzymes in organic chemistry and biotechnology have
interested mainly specialists [2], not organic chemists. Apart from psychological
reasons, the actual limitations of enzymes were known to everyone, which are as
follows:

« Insufficient robustness under operating conditions.
« Insufficient activity.

 Narrow substrate scope.

Insufficient or wrong stereoselectivity.

Insufficient or wrong regioselectivity.

+ Sometimes product inhibition.

In addition, organic chemists were not trained to handle enzymes and there-
fore preferred to be content with the use and development of their own synthetic
homogeneous and heterogeneous catalysts, knowing that enzymes cannot
catalyze many or most of the important reaction types that dominate modern
synthesis. Today all of these problems can be addressed and generally solved by
applying directed evolution, as summarized in a 2016 monograph [3] authored
by Manfred T. Reetz, and in more recent reviews [4]. It mimics Darwinian
evolution as it occurs in nature, but it does not constitute real natural evolution.
The process consists of several steps (Scheme 1.1), 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 begins to express
the respective protein variants. This ensures the required linkage between phe-
notype and genotype. Multiple copies of transformants as well as wild type (WT)

Engyme Engineering: Selective Catalysts for Applications in Biotechnology, Organic Chemistry, and Life Science,
First Edition. Manfred T. Reetz, Zhoutong Sun, and Ge Qu.
© 2023 WILEY-VCH GmbH. Published 2023 by WILEY-VCH GmbH.
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appear, which unfortunately decreases the quality of libraries and increases 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, which contain nutrient broth. Portions of
each well content are then placed in the respective wells of another microtiter
plate where the screening (Chapter 2) for a given catalytic property ensues.
In some (fortunate) cases, a sufficiently improved variant (hit) is identified in
such an initial library. If this does not happen, which proves to be the case most
often, 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 exerts
“evolutionary pressure,” the underlying characteristic of directed evolution.

e\ %D
é\\\ \Qm\,ﬁ Mutagenes.ls ‘% % ‘ZB”
Target gene g \Q/C L é}'

Transformation
i =, lterative cycles

Expression of the

logs}
R e 2
4 ot -
- : OO0
R - target protein
Biocatalys :55_3‘-"“;1&0“*,?3 W
and screening & R0 :.,,_<’_' 0
SRR
.0.9

Enzyme variants

Scheme 1.1 The basic steps in the directed evolution of enzymes.

If alibrary in a recursive mode fails to harbor an improved mutant/variant, the
Darwinian process ends abruptly at a local minimum on the fitness landscape.
Fortunately, researchers have developed ways to escape from such local minima
(“dead ends”) (Chapter 4).

Directed evolution is thus an alternative to so-called “rational design” in which
the researcher utilizes structural, mechanistic, and sequence information, pos-
sibly flanked by computational aids, to perform site-directed mutagenesis at a
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given position in a protein (Section 1.3). Needed for this alternative is the molec-
ular 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, as established by Michael Smith in the late 1970s [5a], which led to the
Nobel Prize [5b]. The method is based on designed synthetic oligonucleotides
and has been used extensively by Fersht [6] and numerous other groups in the
study of enzyme mechanisms. Application of the Smith technique in rational
enzyme design has been shown to be successful mainly when aiming to increase
protein robustness (Section 1.3 and Chapter 6). However, when aiming for
enhanced or reversed enantioselectivity, diastereoselectivity, and/or regioselectivity,
rational design is much more difficult, in which case directed evolution is generally
the preferred strategy [3, 4].

Directed evolution of enzymes is not as straightforward as it may appear to be.
The challenge in putting Scheme 1.1 into practice has to do with the vastness of
protein sequence space. High structural diversity is easily achieved in random
mutagenesis, but the experimenter is quickly confronted by the so-called “num-
bers problem,” which in turn relates to the screening effort (bottleneck). 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 [3, 4]:

N = 19MX1/[(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 only one amino acid is exchanged
randomly, 16 million if two substitutions occur simultaneously, and about 30
billion if three amino acids are substituted simultaneously.

Calculations of this kind pinpoint a dilemma that accompanies directed evolu-
tion 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 reduction of diversity
reduction should be avoided because then the frequency of hits in a library begins
to diminish dramatically. Finding the optimal compromise constitutes the pri-
mary issue of this monograph. A very different strategy is to develop selection
systems rather than experimental platforms that require screening (Chapter 2).
In a selection system, the host organism thrives and survives because it expresses
avariant 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 screen-
ing. 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 sys-
tems (Chapter 2).

3
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1.2
History of Directed Enzyme Evolution

Readers of this monograph may not be interested in historical aspects, but cer-
tainly doctoral students and postdocs who want to learn directed evolution are
advised to read this section carefully. Much can be learned by seeing in some
detail how a given field developed, some contributions being interesting but per-
haps lacking essential conclusions for further work, others actually opening a
new research field by posting seminal publications. At the end of this section,
the most important developments are summarized in a “timeline” scheme.

Scientists have strived for a long time to “reproduce” or mimic natural evolu-
tion in the laboratory. In 1965-1967 Spiegelman et al., performed a “Darwinian
experiment with a self-duplicating nucleic acid molecule” (RNA) outside a
living cell [7]. 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 research area on RNA evolution, fueled seminally by Szostak
and Joyce [8]. 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 RNA molecules, or evolution of RNA polymerase ribozyme and
ribozymes by continuous serial transfer. Directed evolution in this area has been
reviewed [8b]. 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 [9]. In a population
of 10° cells, spontaneous mutations in a defined environment were continuously
screened over 1000 generations for their influence on efficiency and activity of
the enzyme at pH 6. 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 [9].

In the 1970s, further contributions likewise describing in vivo directed evo-
lution processes appeared sporadically. The contribution of Hall utilizing the
classical microbiological technique of genetic complementation constitutes a
prominent example [10]. In one of the earliest directed evolution projects in the
Hall group, new functions for the ebgA (ebg =evolved f3-galactosidase) were
explored (Scheme 1.2) [10a]. Growth of different carbohydrates as the energy
source was the underlying evolutionary principle. Wildtype (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 lactobionate 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 remain unaffected or are actually
improved.
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IBI (wild type ebgA allele)
I

é é 5A2 SJ-17 A2 D2

m

Scheme 1.2 Pedigree of ebgA alleles in diamonds were selected for growth on
evolved strains [10a]. Strain 1B1 carries lactulose; those in circles were selected
the wild-type allele, ebgAQ. Strains on line  for growth on lactobionate. This pedigree
one have a single mutation in the ebgA shows only the descent of the ebgA gene;
gene; those in line two have two muta- i.e. strains SJ-17, A2, 5A2, and D2 were not
tions in ebgA; those in line three have three derived directly from IBI, but their ebgA
mutations in ebgA. All strains are ebgR-. alleles were derived directly from the ebgA

Strains enclosed in rectangles were selected allele carried in IBI.
for growth on lactose; those enclosed in

Two decades later the technique was extended by Kim et al. [11a]. It may have
inspired other groups to study and develop new evolution experiments, e.g. by
Lenski et al., who investigated parallel changes in gene expression after 20 000
generations of evolution in bacteria [11b], and more recently by Liu et al., who
implemented a novel technique for continuous evolution [11c], including a
phage-assisted embodiment [11d].

Although originally not specifically related to directed evolution, devel-
opments such as the Kunkel method of mutational specificity based on
depurination [12a] deserves mention because it was used two decades later in
mutant library design based on error-prone rolling circle amplification (epRCA)
[12b]. These and many other early developments inspired scientists to speculate
about potential applications of directed evolution in biotechnology. As can be
seen, these and other developments were suggesting that directed evolution
could be generalized with the emergence of a general protein engineering
method. Indeed, in 1984 Eigen and Gardiner summarized these intriguing per-
spectives by emphasizing the necessity of self-replication in molecular in vitro
evolution [13]. At the time the best self-replication system for the laboratory
utilized the replication of single-stranded RNA by the replication enzyme of the
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coliphage Qf3. The logic of laboratory Darwinian evolution involving recursive
cycles of gene mutagenesis, amplification, and selection was formulated.
However, the generation of bacterial colonies on agar plates for ensuring the
required genotype-phenotype relation, as employed later by essentially all
directed evolution researchers, was not considered. It should be remembered
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 [14], which won him the Nobel Prize, completely new
perspectives emerged in many fields, including directed evolution.

Parallel to these developments, researchers began to experiment with dif-
ferent types of mutagenesis methods to generate mutant libraries which were
subsequently screened or selected for an enzyme property, generally pro-
tein thermostability. Sometimes such methods were introduced without any
real applications at the time of publication. 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 [15a]. It had been
known for a long time that certain chemicals can induce mutations in genes.
Following recloning of the mutagenized 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 thermostabilized
variants, the best one out of the 12 then being characterized as having a
single-point mutation and a stabilization of 6 °C. Unfortunately, a second cycle
for further improvement was not reported. Several other early studies of T4
lysozyme using chemical mutagenesis appeared, summarized by Matthews in a
2010 review [15b]. Today it is accepted that the formation of improved enzymes
in an initial mutant library does not (yet) constitute an evolutionary process 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.

In light of this, the report by Hageman and coworkers in 1986, in which for the
first time two mutagenesis/screening cycles were described, is indeed a hallmark
event. In their efforts to enhance the thermostability of kanamycin nucleotidyl-
transferase by a true evolutionary process, they employed a mutator strain
[16]. Mutator strains such as E. coli XL1-red induce randomly mutagenized
plasmid libraries because they contain defects in one or more of their DNA
repair genes [17]. Basically, Hageman’s 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
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70°C, leading to the accumulation of mutation Thr130Lys, the respective double
mutant Asp80Tyr/Thr130Lys showing even higher thermostability (Scheme 1.3)
[16]. The Darwinian character of this approach to thermostabilization of proteins
is self-evident, and opened the door to a new research area. Importantly, in a
follow-up study, it was demonstrated that the best mutant also shows higher
resistance to hostile solvents such as aqueous dimethylformamide (DMF)
solutions and even urea, relative to WT [18].

Variant Asp80Tyr/Thr130Lys | ——> Resistance at 70 °C

Second mutagenesis
by mutation strain

Variant Asp80Tyr | ——> Resistance at 63 °C

Thermostability

First mutagenesis
by mutation strain

WT KNT | =) Resistance at 47 °C

Scheme 1.3 First example of directed evo-  as the random mutagenesis technique in an
lution of thermostability of an enzyme. iterative manner. Source: Adapted from Liao
Kanamycin nucleotidyltransferase (KNT) et al. [16].

served as the enzyme and a mutator strain

As noted above, the original site-specific mutagenesis of Smith allows the
specific exchange of any amino acid in a protein by any one of the other 19
canonical amino acids [5], but if all 19 mutants are needed, then 19 separate
experiments are required. This could be expensive and time-consuming. The
generation of random mutations all at once in a given experiment at a single
residue or at a defined multiresidue randomization site was not developed until
later. Early on (during the period 1983-1988), several variations of cassette
mutagenesis based on the use of “doped” synthetic oligodeoxynucleotides,
which allows the combinatorial introduction of all 19 canonical amino acids at a
given position, were developed [19]. These and similar studies were performed
for different reasons, not all having to do with enzyme catalysis. The early
study by Wells et al., based on saturation mutagenesis is highlighted here
[20]. Saturation mutagenesis means focused randomization at a chosen site
in the protein (Chapter 3). The Wells study constitutes a clever combination
of rational design and directed evolution for the purpose of increasing the
robustness of the serine protease subtilisin so that it shows enhanced resistance
to chemical oxidation by H,O, relative to WT [20]. At the time it was known
that residue Met222 constitutes a site at which undesired oxidation occurs.
Therefore, saturation mutagenesis was performed at this position, which led

7
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to several improved variants showing resistance to 1M H,0O, as measured by
the reaction of N-succinyl-L-Ala-L-Ala-L-Pro-L-Phe-p-nitroanilide, including
mutants Met222Ser, Met222Ala, and Met222Leu [20].

Cassette mutagenesis as a form of saturation mutagenesis was developed early
on. As pointed out by Ner, Goodin, and Smith in 1988, a disadvantage of cas-
sette mutagenesis 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 [21a]. 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 pro-
cedure [21a] and Kunkel’s method of strand selection [12a]. 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/molecule [21b]. 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 1.4 illustrates the case of the MATal gene from Saccha-
romyces cerevisae [21b].

Despite these advancements, further improvements with respect to generality,
efficiency, and ease of performance were necessary. Indeed, these began to appear
in the late 1980s. They included the generation of mutant libraries using spiked
oligodeoxyribonucleotide primers according to Hermes et al. [22]. A particular
important study was published by Pease and coworkers at the Mayo Clinic, which
is based on the use of overlap extension polymerase chain reaction (OE-PCR)
for site-specific mutagenesis and saturation mutagenesis [23a], see Chapter 3 for
details. It has greatly influenced directed evolution [3, 4]. OE-PCR can also be
used in insertion/deletion mutagenesis [24].

In the 1980s, further interesting contributions appeared, including a pub-
lication by Loeb et al. [25]. Accordingly, 3-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 can be
evolved without exchanging the codon encoding catalytically active Ser70.
The inserted oligonucleotide Phe®*XXXSer’XXLys”* contains 15 base pairs of
chemically synthesized random sequences that code for 2.5 million amino acid
exchanges. It should be noted that 3-lactamase is an ideal enzyme with which
randomization-based protein engineering can be performed because a simple
and efficient selection system is available (Chapter 2).

Major advancements followed in the 1990s, these allowing saturation
mutagenesis-based simultaneous randomization at more than one residue site.
Based on some of these developments, the so-called QuikChange™ protocol for
saturation mutagenesis emerged in 2002 [26], see Chapter 3 for details. Another
important version of saturation mutagenesis is the “megaprimer” method of
site-specific mutagenesis introduced by Kamman et al. [27] and improved
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Scheme 1.4 Mixed oligonucleotide mutagenesis of the gene MATal from Saccharomyces
cerevisae. Source: Adapted from Zoller and Smith [21b].

by Sarkar and Sommer [28]. The overall procedure is fairly straightforward
and easy to perform, but it also has limitations as discussed in Chapter 3.
Early developments of site-directed mutagenesis, which can also be used for
randomization, were summarized by Tao in 1992 [29].

In 1989 a landmark study was published by Leung, Chen, and Goeddel describ-
ing error-prone polymerase chain reaction (epPCR) [30a], but it was not applied
to enzymes until a few years later (see below). It relies on Taq polymerase or
similar DNA polymerases, which lack proofreading ability (no removal of mis-
matched bases). To control the mutational rate, the reaction conditions need to
be optimized by varying such parameters as the MgCl, or MnCl, concentrations
and/or employing unbalanced nucleotide concentrations (see details in Section
3.3). The mutation rate can be controlled empirically by varying such parameters
as the MgCl, or MnCl, concentrations and/or employing unbalanced amounts
of nucleotides [30b].

The first applications of epPCR are due to Hawkins and Winter in 1992 [31],
who reported in vitro selection and affinity maturation of antibodies from com-
binatorial libraries. The creation of large combinatorial libraries of antibodies
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was a new area of science at the time, as shown by Lerner and coworkers using
different techniques, including the use of OE-PCR [32]. It should be noted that
epPCR suffers from various limitations, which are discussed in Chapter 3. To
this day the technique continues to be employed, especially when X-ray struc-
tural data of the protein are not available. A different but seldom used molecular
biological random mutagenesis method was developed and applied in 1992/1993
by Zhang et al., 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 [33]. Unbalanced nucleotide amounts were used in a special
way, but diversity is lower than in the case of epPCR [33b].

In 1993, Chen and Arnold published a paper describing the use of random
mutagenesis in the quest to increase the robustness of the protease subtil-
isin E in aqueous medium containing a hostile organic solvent (DMF) [34].
This study is described here in detail, because at the Nobel Prize announce-
ment on 3rd October 2018, it was highlighted as constituting the seminal
turning point in directed evolution (see Nobel Prize Lecture by Frances H.
Arnold [4b] and also her contribution in developing artificial metalloenzymes
as highlighted in Chapter 7). The only difference in the 1993 study was
the use of epPCR as the random mutagenesis method (although the term
epPCR is not mentioned in the paper), and the fact that not thermostability
was aimed for as Hageman et al. had already described [16], but resistance
to DMF in an otherwise aqueous environment [34]. This paper does not
involve any increase in the activity of the WT in the absence of a cosol-
vent, as Arnold et al. actually pointed out [34]. Thus, the aim was not to
increase the activity of an engyme [4b], which is sometimes misunderstood.
The traditional aim in directed evolution to enhance enzyme activity is a
different challenge, which was addressed much later and is still relevant
today [3].

In the Arnold paper, the mutations of three variants obtained earlier by ratio-
nal design were first combined with formation of the respective triple mutant
Asp60Asn/GIn103Arg/Asn218Ser to which was added a fourth point mutation
Asp97Gly, leading to variant Asp60Asn/GIn103Arg/Asn218Ser/Asp97Gly
(“4M variant”) [34]. The HindIll/BamHI DNA fragment of 4M subtilisin
E from residue 49 to the C-terminus was then employed as the template
for PCR-based random mutagenesis (epPCR). Thus, this diverges a little
from epPCR as originally developed by Leung, Chen, and Goeddel [30],
which addresses the whole gene. The PCR conditions were modified so
that the mutational frequency increased (including the use of MnCl,).
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
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subtilisin E in aqueous medium containing different amounts of DMF is shown
in Scheme 1.5 [34]. This study constitutes the second example of more than one
cycle of mutagenesis/expression/screening in directed evolution [16].

Wild type

100 P T N H T R
0 20 40 60 80 100

DMF concentration (v/v) (%)

Scheme 1.5 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. Source: Chen and
Arnold [34].

In addition to epPCR and OE-PCR, other important mutagenesis methods
were developed in the late 1980s. A key study by Pease, Horton, and coworkers
is a prime example [23b] (Scheme 1.6). It is an extension of their earlier work
on OE-PCR [23a]. 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 mix-
ing, 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 illustrated using two different mouse class-I major histocompatible genes.
However, at the time it was not exploited by the biotechnology community
active in directed evolution.

In 1994, a novel gene mutagenesis method called DNA shuffling was reported
by Stemmer [35a]. It is a process that simulates sexual evolution as it occurs in
nature. In the original study, 3-lactamase served as the enzyme, the selection
system is based on the increased resistance to an antibiotic. DNA shuffling is
illustrated here when starting with mutants of a given enzyme previously pro-
duced by some other mutagenesis technique (Scheme 1.7). Family shuffling, also
introduced in 1994, is a variation that in many cases constitutes the superior
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approach [35b]. See Chapter 3 for a description of this seminal technique and
other recombinant methods.

These landmark 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 to shed light on the mechanism of enzymes,
but usually, only initial mutant libraries were considered. To this day directed
evolution is sometimes employed in the quest to study enzyme mechanisms
rather than for the purpose of evolving altered enzymes for practical purposes.
Contributions by Hilvert [4d, 36] and Benkovic et al. [37] are prominent
examples, as are the studies of Hecht et al. concerning binary patterning [38]. In
an informative overview by Lutz and Benkovic which appeared in 2002, many of
these and other early developments in directed evolution including applications
were assessed [39].

Phage display, invented by George P. Smith in 1985 [40], was originally not
intended for directed evolution of enzymes, but it inspired Gregory Winter to
apply it with the aim of developing antibodies as medicines [41]. These seminal
developments led to the Chemistry Nobel Prize 2018 [40c, 41b] for Smith and
Winter, which they shared with Arnold [4b]. Despite the evolutive nature of
such systems, application of phage display in directed evolution of stereo-
and/or regioselective enzymes is problematic and has limitations [42]. Although
flow cytometry had been invented decades ago, it was not combined with
fluorescence-activated cell sorter technology (FACS) for application in directed
evolution until much later, especially relevant in vaccine development, as
demonstrated by the early contributions of Georgiou and coworkers [43]. The
water-in-oil emulsion technology, elegantly developed by Griffiths and Tawfik, is
likewise a step forward [44]. All of these selection platforms, which are really
screening techniques (Chapter 2), are useful in many protein engineering
applications, but to this day their utilization in the laboratory evolution of
stereo- and/or regioselective enzymes remains marginal (see Chapters 2 and 3).

The generation of selective catalytic monoclonal antibodies can also be consid-
ered to be based on evolutionary principles, but despite impressive contributions
[45], these biocatalysts have not entered the stage of practical applications in
stereoselective organic chemistry or biotechnology. This appears to be due to the
fact that the immune system functions on the basis of binding, and not on cat-
alytic turnover [45a].

Turning to a different subject in directed evolution, an important contribution
by Patrick and Firth describing algorithms for designing mutant libraries based on
statistical analyses influences the field to this day [46]. Ostermeier developed a sim-
ilar metric [47], and Pelletier et al., extended these statistical models [48]. Reetz
employed the Patrick/Firth mathematics in the establishment of a particularly
easy-to-use statistical system, especially useful when evolving selectivity, activ-
ity, or stability [49]. It is available free of charge on the Reetz website (http://
www.kofo.mpg.de/en/research/biocatalysis).

Up to this point, evolving protein robustness by the different approaches has
been the focus of this section. However, at the time organic chemists were not
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impressed by what was going on in the field of directed evolution, as already
noted in Section 1.1. In contrast, the Reetz group, at the time composed only
of organic chemists, realized that stereo- and regioselectivity stood at the heart
of modern organic chemistry and that this could be an exciting, albeit difficult
goal in directed evolution. Recently, four former postdocs published a histori-
cal account that delineates how Manfred T. Reetz, originally with little inter-
est in enzymes, switched fields [50]. In the 1990s, it was known that enzyme
immobilization sometimes influences enantioselectivity [51] but in a completely
unreliable manner. Moreover, rational enzyme design (Section 1.3) had not been
successful in engineering stereoselectivity. Therefore, Reetz set out to develop a
fundamentally new approach to asymmetric catalysis: The directed evolution of
stereoselective enzymes as catalysts in organic chemistry and biotechnology, the ini-
tial positive results being published in 1997 [49]. The underlying concept 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 (Scheme 1.8) [49]. However, at the time this was an extremely slim
hope because there was no precedence from which one could be guided. Evolving
stereoselectivity seemed to be much more challenging than stability engineering.
Enhancing and even reversing enantioselectivity were dream goals in those days,
and thus a highly risky endeavor.

target gene

Mutagenesis of Insertion
into bacterial host

Bacterial colonies

Library of mutant
on agar plate

Repeat genes in a test tube

Colony picking i

000000000000

000000000000 .

000000000000 Screenmg 000000000000
000080000000 000000000000
88338833823 i 833883885885
000000000000 for stereoselectivity 000000000000
388353885558 o~ * 368353888838
Visualization of (R) Optionally (S) Bacteria producing mutant
positive mutants enzymes in nutrient broth

Scheme 1.8 Concept of directed evolution of stereoselective enzymes with (R)- or
(5)-selective mutants being accessible on an optional basis. Source: Adapted from Refs.
[49a, b].

In a proof-of-principle study in 1997, the lipase from Pseudomonas aeruginosa
(PAL) was used as the enzyme in the hydrolytic kinetic resolution of ester
1 (Scheme 1.9) [49a, b]. WT PAL is a poor catalyst in this reaction because
the selectivity factor reflecting 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 enhanced enantioselectivity
(E =11), which caused great excitement in the Reetz group. Today such a
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value would hardly be publishable! The mutant is characterized by four point
mutations S149G/S155L/V476/F259L which accumulated in a stepwise manner
(Scheme 1.10) [49a, b]. At the time, high- or medium-throughput ee-assays were
not available. 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, based on the gradual release of p-nitrophenolate 3
(see Chapter 2 for more details as well as other screening systems subsequently
developed by various groups).
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rac-1 (R = n-CgHy7)
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lipase
i T o7
A Aon - A —
CHs CHg
(S)-2 (R)-1 3

Scheme 1.9 Hydrolytic kinetic resolution of rac-1 catalyzed by the lipase from
Pseudomonas aeruginosa (PAL). Source: Adapted from Refs. [493, b].

Although a selectivity factor of E =11 does not suffice for practical applica-
tions, this study set the stage for the rapid development of directed evolution of
stereoselective enzymes, which ensued in many laboratories worldwide. Progress
up to 2004 covering several different enzyme types was summarized in 2004
reviews [52], which also emphasized the importance of methodology devel-
opment. Indeed, this aspect of directed evolution continues to be important
[3, 4a].

Since subsequent epPCR experiments proved to be disappointing (E = 13), the
doctoral student Steffi Wilensek, working in the Reetz group, suggested, inter
alia, focused saturation mutagenesis at sites lining the binding pocket using
so-called NNK codon degeneracy (20 canonical amino acids as building blocks).
It was the first time that this technique was applied to enzyme stereoselectivity
[53]. Scheme 1.11 shows the first saturation mutagenesis experiment at a
site next to the binding pocket for enhancing stereoselectivity. Today, some
researchers wonder why it took so long to realize that this approach is the way
to go. It worked indeed (E =30), but at the time the combination of saturation
mutagenesis, epPCR, and DNA shuffling was even better (E = 51) [53].
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Scheme 1.11 First example of focused saturation mutagenesis at sites next to a substrate
in an enzyme’s binding pocket, in this case, compound 1 bound in P. aeruginosa (PAL) in the
study aimed at enhancing stereoselectivity. Source: Adapted from Refs. [53, 54].
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In 2005, the first step toward systematization of the idea apparent in
Scheme 1.11 was proposed with the emergence of the combinatorial active-site
saturation test (CAST), which was a true breakthrough [55]. The initial model
example, although not optimized using later improved CAST versions [3, 4],
concerned the enhancement of activity of PAL as the catalyst in the reaction
of substrates not accepted by the lipase. Shortly thereafter, iterative saturation
mutagenesis (ISM) was developed, intended for use when an initial library does
not contain a mutant with a fully acceptable catalytic profile [56]. CAST and
ISM are illustrated in Scheme 1.12 [56]. ISM can also be applied with the aim
of increasing protein robustness, according to which saturation mutagenesis is
focused on remote sites displaying high B-factors which indicate flexibility. In
this way, B-FIT and the metric B-FITTER were developed [57]. CAST/ISM and
B-FTTER can be downloaded free of charge from the Reetz website (http://www
.kofo.mpg.de/en/research/biocatalysis).

(@)
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A B Cc D
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Scheme 1.12 Illustration of ISM. (a) Sites chosen for ISM; (b) 2-, 3- and 4-site ISM systems.
Source: Adapted from Reetz et al. [56].
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Further improvements of CAST/ISM and other innovations from different
groups between 2006 and 2021 include:

» First example of directed evolution of an enantioselective artificial
metalloenzyme [58].

+ Genetic selection system for evolving enantioselectivity [59].

+ Reduced amino acid alphabets in directed evolution [60].

- Efficient saturation method for difficult-to-amplify templates [61].

+ Regio- and stereoselective P450-catalyzed steroid hydroxylation [62].

« How to escape from local minima in fitness landscapes [63].

 Reducing codon redundancy in saturation mutagenesis libraries [64].

« Assembly of designed oligonucleotides (ADO) as a tool in synthetic
biology [65].

« Triple code saturation mutagenesis [66].

« Directed evolution of regioselectivity [67].

 Beating bias in protein engineering by error-free on-chip solid-phase synthesis
of mutant libraries [68].

« Achieving reversal of regioselectivity of Baeyer—Villiger monooxygenases [69].

« Machine learning in directed evolution of stereoselectivity and other
parameters [70].

« Focused rational iterative saturation mutagenesis (FRISM) [71].

 Unveiling long-range conformational and cooperative mutational effects on
multiple catalytic traits [72].

 Engineering of P4505,, to catalyze carbene and nitrene transfer reactions
[4b, 73].

 Improving the hydrolysis activity of a lipase by exchanging the catalytic triad
from Ser-His-Asp to Cys-His-Asp [74].

The most important single advances and events in directed evolution
of enzymes from the early phase to the present day are summarized in
Scheme 1.13.

R. Hageman, M.T. Reetz, FH. Amnold, F.H. Arnold shares
first study of firstexampleof ~ M.T. Reetz, first P450 carbene  Chemistry Nobel
directed evolution directed evolution CAST strategy Prize with G.P. Smith
of thermostability of stereoselectivity and G. Winter
X L] T [
11986 1997 ’2005 2013 2018
11993 11998 2006
F.H. Arnold, F.H. Arnold, M.T. Reetz,
engineering evolving ISM strategy; first example of directed
robustness thermostability evolution of an artificial metalloenzyme

Scheme 1.13 Timeline of enzyme-directed evolution.
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The aims of rational enzyme design, namely obtaining useful and robust bio-
catalysts for organic chemistry and biotechnology, are basically similar to those
of directed evolution, but the methods are very different. With the advent of
site-specific mutagenesis as pioneered by Michael Smith [5] (Section 1.1), protein
engineers have at their disposal a reliable technique to replace any amino acid in
the protein with one of the other 19 canonical amino acids. The challenge is to
identify a given residue as a potential hot spot where such an exchange is likely
to lead to an improvement of the respective catalytic performance. Maximal effi-
ciency would come about if only a single prediction would be necessary, i.e. not
to perform all 19 site-specific mutagenesis experiments. The problem is actually
even more difficult because it is unlikely that modification at only one residue
suffices. Nevertheless, the advantage over directed evolution would be that ratio-
nal design circumvents the time-consuming screening of large mutant libraries.
Several review articles have appeared [75].

Originally, rational design was applied to enhance the robustness of enzymes
[76]. As already pointed out, Wells improved the oxidative stability by combin-
ing rational design and directed evolution [20]. A general approach to rationally
engineering enzyme thermostability was developed shortly thereafter by Eijsink and
others [77a]. Accordingly, especially H-bonds and salt bridges on the protein sur-
face need to be introduced by the properly designed amino acid exchanges. It
was demonstrated that well-designed salt-bridge networks may tolerate the dis-
order of increased thermal motion to improve thermostability [77b, c]. Today, a
number of criteria and aids are being used:

« H-bonds and salt bridges on protein surfaces.

During natural evolution, thermophilic proteins obtained charged residues on
the surface [77d], and thus could form more salt bridges, in contrast to their
mesophilic homologs [77e, f]. Harnessing this observation, protein thermal sta-
bility can be improved by introducing salt bridges. For example, six designed
salt bridges on a mesophilic -glucosidase can independently increase the melt-
ing temperature range from 0.7 to 8.8 °C, respectively. Interestingly, out of the
six-point thermostable variants, the combination of a quadruple mutant gener-
ated a melting temperature increase of 15.7 °C, suggesting that epistatic effect
also exists when engineering thermostability. In the view of protein thermody-
namics, the reason salt bridges enhance protein thermostability is the reduction
of heat capacity of unfolding [77g]. Apart from thermostability, stabilized salt
bridges on the surface of Bacillus subtilis Lipase A increases organic solvent resis-
tance [77h].

« Conformational dynamics.

As dynamical entities, the motion of residues in proteins, especially the ones
located in loops nearby the active site has been recognized to influence the
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catalytic properties of enzymes [78a, b]. Several studies have shown that confor-
mational dynamics guided enzyme engineering is successful in manipulating
substrate recognition [78c], altering stereoselectivity [78d, e], relieving product
inhibition [78f], increasing activity [78e, g, h], and elevating thermostability
[78i], among other properties.

« Steric hindrance in the substrate binding pocket.

By reshaping the substrate-binding cavity, introducing or eliminating steric
clashes is a useful means to control catalytic selectivity. In the engineering of
enantioselectivity of an epoxide hydrolase, Janssen and coworkers introduced
steric hindrance to prevent unwanted substrate binding modes by replacing the
small amino acid residues with bulky ones (Trp, Tyr, and Phe) at target positions
[79a]. Likewise, Sun and coworkers implemented the same strategy to control
the regioselective glucosylation of a glycosyltransferase [79b]. Moreover, in the
P450 world, replacing the bulky natural phenylalanine residue F87 (numbering
according to P450,;) with alanine leads to the variant F87A that can be used as
a promising starting mutant for further mutations by directed evolution. In this
way, the substrate binding pocket can be reshaped to accommodate bulky sub-
strates or even alter stereo- and regioselectivity [62, 79c]. Using F87A and further
rational design alone is generally more difficult.

 Rosetta computational package for enzyme redesign.

In de novo design of enzymes [80a], the highly acclaimed Rosetta package [80b]
can be utilized to obtain promiscuous enzymes. A recent example by Wu and
coworkers concerns a computational redesign toward an aspartase, a highly spe-
cific ammonia lyase, to yield C-N lyases with cross-compatibility of noncanoni-
cal amino acids (ncAAs) with high conversion (up to 99%), regioselectivity >99%
and enantioselectivity >99% [80c], and the Rosetta field has been reviewed [4h].

« Machine learning for designing biosensors.

Unger et al. developed machine learning approaches, including random for-
est modeling and generalized linear modeling, for rapid binding-pocket redesign
leading to a selective and sensitive serotonin sensor [81].

In addition to the abovementioned approaches, further methodologies have
recently emerged. As outlined in Section 3.4, the so-called focused rational iter-
ative site-specific mutagenesis (FRISM) is of particular significance [4a, 71, 82].
As a promising fusion of rational design and directed evolution, it requires only
a few predicted mutants, which means that the screening effort is limited to
very small collections of mutants. Mutant libraries as in typically directed evolu-
tion are not involved [71b]. FRISM was first proposed in protein engineering of
Candida antarctica lipase B (CalB) to access all possible stereoisomers of chiral
esters bearing multiple stereocenters in a fully stereodivergent manner [71a]. In
another case study, FRISM was adopted in manipulating the regioselectivity of
the glycosyltransferase UGT74AC2 with no trade-off in activity [79b].
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2
Screening and Selection Techniques

21
Introductory Remarks

Directed evolution of activity, stereo- and regio-selectivity, as well as thermosta-
bility requires efficient screening or selection methods [1]. The terms “screening”
and “selection” are sometimes used interchangeably, which may cause some con-
fusion. In fact, the two terms are distinctly different [2]. Screening utilizes ana-
lytical tools such as automated gas chromatography (GC) or high-performance
liquid chromatography (HPLC), but also robotic instruments based on UV/vis,
fluorescence, multiplex mass spectrometry, or circular dichroism. In sharp con-
trast, selection [3] involves an experimental platform in which the host organ-
ism, such as Escherichia coli, has a growth and survival advantage because it
harbors an enzyme or mutants thereof with a desired (evolved) catalytic profile
(Scheme 2.1). Ideally, only those colonies can be expected to appear on agar plates
that harbor the desired improved variants. In principle, this is a highly attrac-
tive feature. Unfortunately, the fact that many examples of “selection” have been
reported does not mean that this method can be used in a general way to identify
improved mutants in directed evolution, especially when aiming for stereoselec-
tivity [1-3]. As will be seen, whatever approach is chosen, screening or selection,
the linkage of genotype to phenotype must be maintained.

2.2
Screening Methods

A comprehensive overview of screening systems used in the directed evolution
of activity, substrate scope, and stereoselectivity as well as thermostability can
be found in a 2006 monograph edited by J.-L. Reymond [1a], which was later
augmented by review articles [1b-1i, 2, 3]. We begin by focusing on some basic
principles. The advent of directed evolution of stereoselective enzymes in 1997
included the first medium-throughput ee-assay [4a], which sparked research on
further and more efficient medium- and high-throughput ee-screening systems
[4b, c, 5]. In the original study and subsequent reports [4b, ¢, 5], involving the
hydrolytic kinetic resolution of a racemic p-nitrophenyl ester catalyzed by the

Engyme Engineering: Selective Catalysts for Applications in Biotechnology, Organic Chemistry, and Life Science,
First Edition. Manfred T. Reetz, Zhoutong Sun, and Ge Qu.
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SCREENING
Analytical tool Measured signal
(Extinction, intensity)
Desired characterstic
(Activity, enantioselectivity,
thermostability, etc.) SELECTION
Biochemistry of
the organism R Growth rate

(Colony size)

Scheme 2.1 Screening versus selection in directed evolution. Source: Acevedo-Rocha et al.
[2]/With permission of Elsevier.

lipase PAL (see Schemes 1.9 and 1.10) as a function of time (typically during
the first eight minutes). The released p-nitrophenolate has a yellow color, which
can be monitored by a UV/vis plate reader. It is highlighted here because the
underlying principle forms the basis of many other assays needed for different
enzyme types. Measuring the time-dependent formation of p-nitrophenolate
released from the racemic ester provides information only about the approximate
overall rate, not of the enantioselectivity. Therefore, a trick had to be devised [4].
The (R)- and (S)-substrates were prepared separately in enantiomerically pure
form by the synthetic Evans method that was then studied pairwise on 96-well
microtiter plates, allowing 48 mutants to be assayed for enantioselectivity on one
plate. Whenever the slopes of the absorption/time curves differ considerably, a
hit is identified, which is subsequently used as the catalyst in the kinetics of the
real hydrolytic kinetic resolution of the racemic p-nitrophenyl ester. This allows
the exact determination of the selectivity factor E (relative rate of reaction of
one enantiomer compared to that of its mirror image). Whenever the slopes are
very similar or even overlap, stereoselectivity is unacceptable. Figure 2.1 shows
the respective curves of the wildtype (WT) lipase, indicating extremely low
selectivity (experimentally, E =1.4), and a typical variant displaying enhanced
enantioselectivity [4a].

The measurement of about 500-800 plots of this kind was possible per day.
However, this does not have to be performed for all of the transformants because
an on-plate pretest for activity can be carried out (Figure 2.2). Only the active
clones are subsequently studied by the UV/vis assay or directly by kinetics. The
agar plate contains tributyrin, which on hydrolysis forms a halo easily identified
by the human eye. This is a classical test used to assess lipase or esterase activity,
which was simply adapted for high-throughput analysis [4a, ¢, 5]. The so-called
casein test for identifying active proteases is also based on the appearance of halos
on casein-spiked agar plates [6].

The idea that the initial rates of reaction of (R)- and (S)-enantiomers are
crudely assessed separately in the wells of microtiter plates forms the basis of
many other ee-assays [1, 4, 5]. The so-called umbelliferone-based fluorescence
assay is an example that depends on the use of surrogate substrates; it can
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Figure 2.1 (a) Time course of the course of the lipase-catalyzed hydrolysis of
lipase-catalyzed hydrolysis of two enan- the two enantiomeric p-nitrophenyl esters
tiomeric p-nitrophenyl esters, (S)- and (R) using an enzyme variant with enhanced

(Schemes 1.9 and 1.10) separately using WT  (S)-enantioselectivity. Source: Refs. [4a, c, 5]/
enzyme with poor stereoselectivity. (b) Time John Wiley & Sons.

Figure 2.2 On-plate pretest for lipase activ- having no (clear) black background con-
ity based on halos that form upon hydrolysis tain inactive mutants. Source: Reetz et al.
of tributyrin. White dots represent bacte- [4c]/with permission of Elsevier.

rial colonies harboring active lipases; those
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also be used for activity determination alone [la]. In one embodiment, a
periodate-coupled fluorogenic assay was used specifically for hydrolases such as
lipases, esterases, and epoxide hydrolases (Scheme 2.2) [1a, 7].

(0]
_OH
O " ~OH B
R N\)\/\
\n/ HO‘P’O\)\/\ O O
HO~
(0]
(R =CH,Ph)
Acylase Phosphatase
SN OB m
A
cO\)\/\O oo |>\/\
(R)-or (S)- (R=Ac) Lipase \ / - or (S)-
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OH A
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(a) oxidation (NalO,) (R)- or (S)- (X =0)
/ (R)- or (S)- (X = NH)

K/\Q/mo b) p-elimination (BSA, pH > 7) m
HO 0”0

Umbelliferone

Scheme 2.2 Periodate-coupled fluorogenic assay designed for assessing the enantioselec-
tivity of hydrolases. Source: Adapted from Refs. [1a, 7].

Whenever enantioselectivity is not involved, i.e. when only activity
assessment is aimed for, these and similar surrogate-dependent UV/vis- or
fluorescence-based screens can be applied. But again, they suffer from the
disadvantage that surrogate substrates will not be used in practical (industrial)
applications. The mutants evolved for these substrates are likely to show different
selectivity and activity when the corresponding “real” substrates are employed
for industrial applications. Therefore, alternative assays are generally preferred.
The report of an enzyme-coupled UV/vis-based assay for assessing the activity
of lipases or esterases is an example, a measure of enantioselectivity also being
possible by using “real” (R)- and (S)-substrates separately (Scheme 2.3) [8a].
Lipase- or esterase-catalyzed hydrolysis forms acetic acid, which is converted by
acetyl-CoA synthetase (ACS) to acetyl-CoA in the presence of ATP and coen-
zyme A (CoA). Citrate synthase (CS) is used to catalyze the reaction between
acetyl-CoA and oxaloacetate, leading to citrate. The required oxaloacetate is
generated from r-malate and NAD* in the presence of L-malate dehydrogenase
(1-MDH). Initial rates of acetic acid formation are accessible by monitoring the
increase in absorption at 340 nm due to the increase in NADH concentration.
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Scheme 2.3 An enzyme-coupled assay for assessing the activity of lipases or esterases,
with measurement of the apparent enantioselectivity also being possible when using (R)-
and (S)-substrates separately. Source: Baumann et al. [8a]/John Wiley & Sons.

An alternative high-throughput ee-screen also utilizing enzyme-coupled
reactions can be applied to any enzyme-catalyzed stereoselective formation
of chiral alcohols (e.g. ADH reduction of prochiral ketones, P450-catalyzed
oxidative hydroxylation of achiral compounds, and lipase- or esterase-catalyzed
hydrolysis of esters) [8b]. Further screens, which also avoid the use of surrogates,
have been developed [1], e.g. those that measure the pH change in a lipase- or
esterase-catalyzed reaction by means of appropriate dye indicators [9].

Yet another approach utilizes isotopically labeled pseudo-enantiomers in
hydrolytic or oxidative kinetic resolution, or using (pseudo) meso substrates
in hydrolytic or oxidative desymmetrization (Scheme 2.4) [10-12]. For label-
ing, deuterium, 3C, or >N isotopes are generally used, with quantitative
high-throughput detection of enantioselectivity being possible by applying
multiplexing mass spectrometry (MS) [10a-d]. This unique concept was applied
in the directed evolution of an enantioselective lipase and an epoxide hydrolase,
with up to 10 000 ee-determinations being possible per day in optimized systems
[10b]. In an industrial example, directed evolution of a nitrilase as the catalyst in
the desymmetrization of 1,3-dicyano-3-hydroxypropane needed in the chemoen-
zymatic synthesis of the cholesterol-lowering therapeutic drug Lipit0r®, one
of the cyano-groups was '°C-labeled; enantioselectivity was then measured
by multiplexing MS, which allowed thousands of samples to be analyzed in
one day [10c]. IR spectroscopy can be used as an attractive alternative to the
expensive multiplexing MS because it is very effective and requires only a
relatively cheap instrument [11]. Even fast NMR spectroscopy can be employed
[12]. It must be noted that the concept shown in Scheme 2.4 does not apply to all
asymmetric processes that can be detected by these otherwise efficient screens,
e.g. enantioselective reduction of prochiral ketones. In contrast to the IR-based
system, the multiplexing MS instrument is currently too expensive for most
academic laboratories.

Screening methods with high throughput have also been developed for
oxidoreductases, the majority of which require the cofactors NAD(P)* and
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of pseudo-enantiomers involving either Source: Reetz et al. [10a]/John Wiley & Sons.

NAD(P)H [13]. However, due to background signals originating from cell
lysates, the absorbance of NAD(P)H at 340 nm cannot generally be used to mon-
itor its formation or depletion as a function of time in a fully reliable manner.
Consequently, the redox reactions need to be coupled with a dye-forming reac-
tion, of which various types have been developed [13]. In some cases, focusing
on the oxidized form NAD(P)* is an alternative, with absorption at 580 nm
being monitored by a UV/vis-plate reader. In this case, an agar plate pretest
based on the identification of white spots on a purple background is useful for
spotting active clones. In special applications, other tests are called for, as in
the case of P450-catalyzed terminal oxidative hydroxylation of linear alkanes,
in which p-nitrophenylethers are used as surrogate substrates that generate the
yellow p-nitrophenolate for straightforward monitoring by a plate reader [13b].
Among other related developments, several convenient colorimetric screening
assays have been developed for application in the directed evolution of fungal
laccases as catalysts in the conversion of plant biomass [13c]. Other examples
include a high-throughput color-based screening system for assaying the activity
of terpene-synthetases in cyclization reactions [13d], and a microplate assay for
real-time screening of aldolases [13e]. Apart from the dependence of NAD(P)* or
NAD(P)H, a newly reported HTS approach can monitor the activity of P450 fatty
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acid decarboxylases based on the colorimetric detection of H,O, consumption
[13f]. In addition, new trends toward high-throughput screening in terms of
carbonyl groups have recently been reported [14]. Carbonyl groups in ketones
or aldehydes can easily form chromogenic products with particular molecular
probes. Taking this advantage, high-throughput color-based screening systems
were developed for assaying the activity of carboxylic acid reductases using
amino benzamidoxime (ABAO) as a probe [14a], and for assaying the activity
of ketone reductases utilizing 2,4-dinitrophenylhydrazine (DNPH) [14b] or
para-methoxy-2-amino benzamidoxime (PMA) [14c].

Traditionally, chiral GC and HPLC were considered to be slow processes.
However, especially with the advent of directed evolution of stereoselective
enzymes [4a], the need for high- or at least medium-throughput arose. As has
been stressed so often, developing efficient screening systems goes hand in
hand with the construction of small but smart mutant libraries (Chapter 1).
During the past 15years, methodology development of smart mutant libraries
has continued at a rapid pace [15], which means that today fancy assays are
usually no longer needed, since automated GC or HPLC can be used, specifically
when connected robotically to the respective microtiter plates. However, in
the early directed evolution days, such automated GC or HPLC systems did
not exist. The first attempt to implement a platform for medium-throughput
ee-determination in the directed evolution of an enantioselective enzyme
utilized two GC instruments in one unit (Scheme 2.5), rather than two columns
in one unit [16]. This saves space, but in many labs, this may not be a current

PAL I
-
PC
GC | GCII

HP-1B

land Il
Scheme 2.5 First example of a instruments and one PC, with this part of
medium-throughput GC unit used in the the platform being robotically connected
directed evolution of an enantioselec- to the respective 96-well microtiter plates.
tive enzyme (lipase from Pseudomonas Source: Reetz et al. [16]/With permission of

aeruginosa, PAL) [16]. It contained two GC Elsevier.
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issue. Today, automated GC instruments for handling samples taken directly
from microtiter plates, including washing steps, are commercially available at a
cost of less than $50 000.

Numerous more recent examples of such GC (HPLC) platforms have been
reported. An example is the directed evolution of the haloalkane dehaloge-
nase DhaH-31 [16]. Depending upon the nature of the product or starting
material, about 300-700 samples can be handled per day [17, 18]. Automated
HPLC has been used in a similar medium-throughput manner [17]. In most
cases, the respective throughputs are not as high as in GC-based systems, but
since the generation of small and smart libraries is continually improving
[15], these screening systems suffice. Other recent high-throughput screening
examples include a prazole sulfide monooxygenase [19] and a malonyl-CoA
synthetase [20].

The concept of pooling mutant libraries offers an interesting way to reduce
the overall screening effort to a notable extent [21a]. An early improved system,
the directed evolution of the enoate reductase YqjM as a catalyst in the enan-
tioselective conjugate reduction of 3-substituted cyclohexenone derivatives, was
studied [21b]. Analysis of the pooling and screening results demonstrated that
the screening effort can be reduced by a factor of at least 2 [21D].

In addition to pooling mutant libraries, screening pooled racemic compounds
in asymmetric catalysis is also a fantastic task. However, how to simultaneously
optimize multiple, diverse substrates with high enantioselectivity is a challenge
in asymmetric catalysis [22a]. The conventional analytical methods for ee deter-
mination include HPLC or supercritical fluid chromatography (SFC) with chiral
stationary phases (CSPs) combined with isocratic elution and UV -vis detection.
Due to the dependence of baseline separation and the removal of interfering
signals before analysis, these methods are therefore limited in throughput. To
overcome this obstacle, the Jacobsen group investigated a new pipeline coupling
supercritical fluid chromatography and mass spectrometry (SFC-MS)that was
successfully used to complete diverse ee measurements simultaneously in
Pictet—Spengler reactions [22a]. Although this method has not yet been applied
in directed enzyme evolution, it can be envisioned as a promising technique
in the scenarios of high-throughput screening of enantioselective variants. In
another innovative study, a MS-based screening system using chiral man-made
catalysts by monitoring backreactions of quasi-enantiomeric products was
developed, but its application in protein engineering has not been reported to
date [22b].

Allosteric transcription factors can be utilized as a powerful means for
high-throughput in vivo screening in biocatalytic systems. However, most tran-
scription factors suffer from a narrow concentration range of the corresponding
target-ligands [23a]. For example, the transcription factor NadR from Bacillus
subtilis (BsNadR), which in response to niacin concentration, is oversensitive to
metabolically synthesized niacin. Even trace amounts of niacin lead to extremely
strong repressive activity [23b]. To make it functional over a wide range of niacin
concentration, the Zhou group used epPCR mutagenesis on the natural BsNadR,
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and obtained the desensitized BsNadR mutants with distinct niacin operating
ranges [23b]. As such, they developed a niacin biosensor (NAsensor) using a
green fluorescent protein (GFP) as a reporter, responding to a wide range of
niacin concentrations (0-50 mM) [23b]. Subsequently, NAsensor was success-
fully applied to the high-throughput in vivo screening of three different enzymes,
nitrilase, amidase, and nitrile hydratase (Scheme 2.6) [23b].
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Scheme 2.6 Developing a desensitized niacin repressive biosensor and its applica-
tion in the directed evolution of nitrile metabolism-related enzymes. Source: Han et al.
[23b]/American Chemical Society.

Fluorescence-based screening is being used widely for many applications.
An example is the design of an aptamer-based biosensor for high-throughput
ee-determination [24], but its application in directed evolution of selective
enzymes still needs to be demonstrated. Two seminal reviews of high-throughput
screening in protein engineering cover the most recent developments, includ-
ing a list of FACS-based screening platforms and microfluidic assays [1g, h].
Microfluidic screening as part of lab-on-a-chip is indeed rapidly emerging for
different areas of potential industrial application, including directed evolution
[25-29].

In an interesting development, the rapid exploration of the substrate scope
of newly discovered enzymes or mutants generated by directed evolution has
been reported. To achieve this goal, cluster-screening was developed, as in the
case of new cytochrome P450 monooxygenases (CYPs) [30]. A library of 51 com-
pounds to be tested with two different enzymes of this type (CYP 154E1) and
(CYP 154A8) was organized into nine groups according to their structural prop-
erties. Following CYP-catalyzed oxidation, automated GC/MS was applied, with
the generation of practical data.

In parallel, in silico high-throughput screening techniques have also been
developed recently. Similar to directed evolution, de novo computational protein
design programs (e.g. Rosetta Design) can generate a vast set of designed vari-
ants, which can be evaluated by in silico screening methods [31]. For example,
high-throughput molecular dynamics simulations combined with the geometric
criteria for near attack conformations are capable of screening enantioselective
enzymes [32]. It was demonstrated that invoking in silico screening into protein
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engineering can reduce the wet-lab work and efficiently obtain enhanced
biocatalysts.

2.3
Selection Methods

Tracing back to the first DNA shuffling study, antibiotic cefotaxime was
increased stepwise as selection pressure to evolve the activity of TEM-1
B-lactamase in E. coli as the catalyst [33]. In another prominent example, an
aspartate aminotransferase was engineered with extended substrate acceptance
in which the selection system used the auxotrophy of an E. coli strain deficient
in the branched-chain amino acid transferase gene ilvE, which cannot grow
on a minimal plate in the absence of the supplements valine, isoleucine, and
leucine [34]. Later on, employing auxotrophic strains that grow only when a
given (mutant) enzyme is generated or evolved, has been implemented in other
studies as well. However, in such cases, even low enzyme activity may meet the
needs of cell growth, which hampers the development of an efficient selection
system. A possible way to tackle this problem is to tune transcription with an
enzyme-degradation tag which reduces intracellular protein concentrations to
relatively low levels, a concept thereupon was applied successfully to chorismate
mutase [35]. Another example of genetic complementation is discovering
genes encoding latent glucokinase activity in an overexpression library using
a recombinant E. coli strain that was unable to accept glucose as a carbon
source [36]. In vivo chemical complementation prevents some of the drawbacks
of conventional genetic complementation (each enzyme needs a new assay),
mainly based on the use of reporters such as $3-galactosidase or amino acid
selectable markers of yeast, which are linked to the substrate of interest [37].
Aside from utilizing auxotrophy hosts, a distinct selection method was devised
for increasing the activity of an N-acyl amino acid racemase (NAAAR) by directed
evolution, with the aim of establishing a system enabling dynamic kinetic res-
olution (DKR) of amino acids on an industrial scale [38]. Interestingly, rapid
enantio-differentiation from a rapidly racemizing mixture of chiral N-acyl amino
acids was ensured by a p-acylase known to be highly stereoselective. Selection
pressure with the appearance of improved NAAAR variants was enforced by link-
ing the racemization rate to the viability of the E. coli host. It was guaranteed by
disabling its natural L-methionine biosynthetic pathway, as well as eliminating
a p-amino acid racemization pathway. The chemistry involved in this system is
shown in Scheme 2.7 [38]. The improved NAAAR combined with the stereoselec-
tive p-acylase ensured efficient DKR of different amino acids at an industrially
practical level. In more details, the initial mutagenesis was performed using a
mutator strain (XL1-Red) (>107 variants), which delivered an improved variant
G291E showing higher activity than WT. This hot spot was then subjected to sat-
uration mutagenesis (100 variants), which led to a better variant G291D. It was
consequently subjected to epPCR (>10° variants), generating the final double
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mutant G291D/F323Y with a sixfold increase in activity relative to WT NAAAR.
Notably, this elegant system involves directed evolution of activity, not enantio-

selectivity.

Likewise, Fahrig-Kamarauskaite et al. developed an in vivo selection system
for improving the activity of a chorismate mutase from Mycobacterium tuber-
culosis (MtCM) [39]. This selection system was constructed based on the defect
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strain E. coli KA12 that has a deletion of the chorismate mutase-encoding genes.
As such, it requires the introduction of a functional chorismate mutase gene to
survive on minimal medium that lacks phenylalanine and tyrosine [39]. Conse-
quently, four iterative cycles of mutagenesis and selection were carried out with
the aim of improving the activity of MtCM. The best MtCM variant showed a
k.,./K,, value with a 270-fold improvement over that of the starting enzyme [39].

Another case study of designed growth-selection pressure in directed
evolution and pathway engineering utilizes a related method with the aim
of increasing the efficiency of an NADPH-dependent homophenylalanine
dehydrogenase [40]. In fact, several growth-based, high-throughput selection
systems using cofactor recycling strategies have been developed for both
NADPH- and NADH-dependent oxygenases. Such studies include converting
the cofactor-dependence of cyclohexanone monooxygenase from NADPH to
NADH [41], and improving the activity of carboxylic acid reductase [42]. They
do not involve selection-based engineering of stereoselectivity.

In an earlier work, a simple and efficient on-plate selection system for
identifying active epoxide hydrolases in an E. coli strain had been devised [43].
It is known that epoxides are toxic to many organisms, while hydrolysis with
the formation of the respective diol generally causes detoxification. Thus, an
epoxide hydrolase under defined conditions with more reactivity will lead to
better cell growth and survival. As such, prior to the normal directed evolution
procedure, agar plates containing E. coli were first treated with various amounts
of chiral epoxide. After culturing for several days, visual inspection of the
plates is able to identify positive (active) hits in a large mutant library [43]. The
resultant mutants can then be isolated, characterized, and tested as catalysts in
the hydrolytic kinetic resolution of racemic epoxides as substrates for possible
enhanced enantioselectivity. With the aim of verifying the viability of this
crude but useful preselection system, an agar plate harboring E. coli and an
epoxide was charged with 92 inactive and 4 active epoxide hydrolase mutants
at defined positions. After incubation, the active variants were successfully
identified via visual inspection [43]. As such, this system can be automated
for high-throughput identification of active epoxide hydrolases from large
libraries of mutants. In more details, it may require the simple transfer of fresh
transformants manually or automatically by a robot (e.g. QPix or Genetix) to
the epoxide-containing agar plates harboring E. coli in microtiter plate format
(96- or 384-well). Hundreds of such plates are possible to be produced per day,
while an extension to stereoselectivity selection still needs to be developed.

The aforementioned contributions and various other examples of selection-
based directed evolution constitute impressive achievements, yet genetic selec-
tion is still not general [2]. A major reason is that it is difficult to construct such
experimental platforms for many enzyme types. It is even more challenging to
develop such selection systems when engineering stereoselectivity, and indeed,
very few examples have been reported [2]. The fundamental question is: why
should an organism have a growth advantage just because it harbors an enantios-
elective enzyme mutant? If this could be properly addressed, then only colonies
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harboring variants with enhanced enantioselectivity for a defined asymmetric
reaction would appear on agar plates, which would be of tremendous advantage
(Scheme 2.8).

(1) Transformation

(2) Plating

(3) Incubation
_—-——

DNA library Only desired colonies
harboring enantioselective
variants

Scheme 2.8 Genetic selection in the directed evolution of enantioselective enzymes.
Source: Adapted from Acevedo-Rocha et al. [2].

With the aim of identifying enantioselective lipases, a system utilizing
pro-antibiotic substrates has been designed [44]. Scheme 2.9 shows the general
strategy, which involves monitoring the growth of E. coli or Exixiguobacterium
acetylicum cells during hydrolysis of (R)- and (S)-esters. To evaluate the viability
of this interesting concept, several lipases were tested without the employment
of stereoselective hydrolytic kinetic resolution. A possible problem that may
be encountered in such a scenario is the fact that surrogates are required
as substrates, which would not be used in directed evolution aimed at real

NO,
NO,

Hydrolase + NO GROWTH
R - =
0" > YOoH
NHCOCHCI, HO™ >~ “OH

NHCOCHCI,

Antibiotics:
Chloramphenicol

Hydrolase GROWTH
R\/J\

NHCOCHCQ

(R)-Antibiotics ester (R)-Carboxilic acid

(S)-Antibiotics ester

Scheme 2.9 A growth-based selection method based on pro-antibiotic substrates.
Source: Hwang et al. [44]/Springer Nature.
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(industrial) applications (see discussion concerning surrogates as substrates in
Section 2.2).

A conceptionally distinct approach relies on pseudo-enantiomers in which one
of the pseudo-enantiomeric pairs has an isosteric yet toxic component, as shown
in Scheme 2.10 [45]. Via a bond breaking reaction, the appropriately designed
substrate generates a product in one enantiomeric form (e.g. (R)-product) and an
energy source for cell growth, while the mirror-image substrate constitutes an
isosteric pseudo-enantiomer which upon bond breakage releases a poison (inhi-
bition of cell growth or cell death) (Scheme 2.10).

Enyzme

l(R)—component \Energysource _ - [(R)—Product + | Energy source | —= Growth

Growth

; Enyzme I
l (S)-component }—( Toxic analog) —_— (S)-Product + CTOXiC analog | — inhibition

Scheme 2.10 A genetic selection system for directed evolution of enantioselective
enzymes in kinetic resolution. Source: Adapted from Reetz et al. [45a].

Due to the necessity of a stereo relevant bond-breaking reaction, the concept
is not general. Nonetheless, a proof-of-principle study was constructed by
using the lipase-catalyzed hydrolytic kinetic resolution of an acetate as the
model reaction. The lipase from Candida antarctica B (CALB) was chosen as
the enzyme, and Pichia pastoris as the host organism [45]. Both the (R)- and
(S)-substrate can be hydrolyzed to generate acetate, which serves as an energy
source for the host organism. Therefore, the host organism can survive either
hydrolysis of the enantiomers. To add selection pressure favoring one of the
enantiomers, a pseudo-racemate was designed as outlined in Scheme 2.10.
Initially, the acetate and the sterically similar fluoro-acetate of isopropylidene
glycerol (IPG; 2) were prepared as (S)-1 and (R)-4, respectively (Scheme 2.11).
After hydrolysis, (S)-1 would provide acetic acid (3) as an energy source, while
in the case of (R)-4, it would be expected to generate fluoroacetic acid (5) as a
poison. The latter inhibits the aconitase step of the essential citric acid cycle.

The WT enzyme in the kinetic resolution of rac-1 slightly favors the forma-
tion of (S)-2 (E =1.9). The experiment was therefore designed to reverse the
enantioselectivity with enhanced (R)-selectivity. Preexperiments demonstrated
that the two starting compounds themselves are non-toxic to the host organism,
and the pseudo-racemates need not consist exactly of a 1:1 mixture. However,
excessive formation of fluoroacetic acid (5) can cause undesired immediate
cell death. As such, the amount of (R)-4 had to be decreased to an optimal
level [45]. In the following optimization experiments in liquid cultures and
solid plates, selection plates with 0.3% (17 mM) of the acetate (S)-1 and 0.003%
of the fluoro-acetate (R)-4 were found to be optimal. Thereafter, NNK codon
degeneracy-based saturation mutagenesis at a 2-residue site next to the CALB
binding pocket at Leu278/Ala281 was carried out based on the optimized
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system. After incubation, the fairly small library was spread out on an agarose
plate, and approximately 70-80 colonies were observed. Out of them, 10 largest
ones were selected and characterized by sequence determination, which were
then tested as catalysts in the hydrolytic kinetic resolution of the real racemic
acetates (1:1 mixture of (S)-1 and (R)-1). Eight of the ten variants inversed the
enantioselectivity and led to the expected preferential reaction of (S)-1 [45]. The
percentage of false positives is only 20%, reflecting that the selection system is
viable.

As a proof of principle study, it still suffers from several drawbacks that
impede better results. First of all, P. pastoris is probably not the most commonly
used as a host organism. Next, the library size was too small to ensure enough
sequential diversity. Simultaneous saturation mutagenesis at, for example, a
10-residue site would most likely lead to variants showing considerably higher
(S)-selectivity. Finally, it would be interesting to see how the analogous system
performs in which the acetate and fluoro acetate are interchanged, which could
harvest CALB variants with opposite enantioselectivity.

At the same time, a different genetic selection system for enhancing or invert-
ing enantioselectivity of a lipase was reported, which is based on an alternative
concept [46]. In this study, a lipase from B. subtilis (LipA) was used as the catalyst
to catalyze the hydrolytic kinetic resolution of rac-6 (Scheme 2.12). Similar to the
acetate rac-1 used in the above study, this is also a “difficult” substrate. First, WT
LipA was shown to be slightly (R)-selective (E =1.8). On this basis, the authors
aimed for a reversal of enantioselectivity with the evolution of an (S)-selective
variant [46].

To this end, a dual selection system was developed by using aspartate
esters 7 and 8, as well as LipA inhibitors 9 and 10 as substrates, respectively
(Scheme 2.13) [46]. Initially, a mutant library was generated by saturation muta-
genesis on residues 132-136, which was then transformed into the aspartate
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Scheme 2.12 Hydrolytic kinetic resolution of rac-6 directed by LipA. Source: Adapted from
Boersma et al. [46].
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Scheme 2.13 Compounds used in devising a selection system for the evolution of
(S)-selective LipA variants as catalysts in the hydrolytic kinetic resolution of rac-9. Source:
Adapted from Boersma et al. [46].

auxotrophic strain E. coli K-12 PA340/T6. Secondly, this strain was cultured
with a selective minimal medium that contains aspartate ester 7. Only those
LipA mutants that hydrolyze this ester to release aspartate allow cell growth.
Moreover, the phosphonate inhibitor 10 can be added in this system to minimize
the growth of bacteria that express less enantioselective variants [46].

In the first round of incubation, approximately 1000 bacterial colonies
appeared on the plates within two days. Subsequently, an increased amount of
phosphonate inhibitor was added in the second cycle, which led to 750 colonies
left. After assaying the top-ranked 50 largest colonies, the most enantioselective
variant was identified as Asp133Gly/Met134Leu/Ile135Asn, with E =12, favor-
ing (S)-2 in the hydrolytic kinetic resolution toward rac-6 [46]. Intriguingly,
seven other mutants preferring (S)-2 were also identified, although with lower
E-values. As commented in the previous study [45], more endeavor is needed to
explore how far enantioselectivity can be boosted. Using surrogates as substrates
may hinder its employment in practical applications.
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As aforementioned, there are multiple meanings of the term “selection” [2].
Apart from the strict sense of the word that relies on cell growth and cell survival
for selection (a terminology which the authors of this monograph prefer),
the term is also used when referring to various systems in which proteins are
displayed on the surface of an organism, e.g. phage display in combination with
fluorescence-activated cell sorting (FACS) being a commonly used detection
technique [1a, 47]. When detecting proteins with specific binding properties
(e.g. antibodies), the display systems are particularly well suited in this scenario.
However, such systems are generally less reliable in cases involving catalytic
binding and turnover. Still, the merits of display systems are obvious, one being
the enormous size of libraries (~10'°) that can be rapidly screened [1a, 47, 48].

To date, display systems have been devised in directed evolution with the aim
of enhancing or inverting enantioselectivity [47]. An early study employed phage
display with the aim of evolving an enantioselective mutant of B. subtilis lipase
(LipA) as the catalyst in the hydrolytic kinetic resolution of rac-6 [49]. By using
the similar strategy that was utilized in the dual selection approach featured
in Scheme 2.12, the same types of inhibitors were prepared and attached cova-
lently to a highly porous silicate carrier (SIRAN) in the phage-display system
(Scheme 2.14). Thereafter, saturation mutagenesis was carried out at large ran-
domization sites. In the first round, c. 8.3 x 10'° phages were incubated with the
phosphonate inhibitor immobilized on the solid carrier SIRAN and allowed to
react for 15 minutes. After a few rounds of selection illustrated in Scheme 2.14, a
LipA mutant showing inverted enantioselectivity (33% ee at 32% conversion) was
isolated [49b]. Although inversion of enantioselectivity was achieved according
to the plan, the degree of stereoselectivity remains meager. A few reasons for
this somewhat disappointing result have been postulated. The most likely one is
that phage display, which is based on (selective) complexation rather than catal-
ysis [49D].

Selection round 1 Selection round 3 and 4 Repeat twice

Phages expressing Selection round 2

mutant library
t=15min SIRAN Sc inhibitor | t=15 min SIRAN Sc inhibitor |t=15 min SIRAN Sc inhibitor

o g o
[5) 5 [5)
l l Step 2 l
Discard supernatant Collect non-bound phages Discard supernatant
Collect binders by (supernatant) Collect binders by

collagenase digestion Ampiification collagenase digestion Amplification
in E.coli TG1 in E. coli TG-1

Scheme 2.14 Dual selection system for evolving enantioselectivity of a Bacillus subtilis
lipase. Source: Droge et al. [49b]/John Wiley & Sons.
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In a more successful case study, a yeast surface display system employing
Saccharomyces cerevisiae was used for the purpose of evolving horseradisch
peroxidase (HRP) as a catalyst in the enantioselective oxidative reaction of L-
and p-tyrosinol [50]. In this work, covalent attachment of products via enzyme
display was adopted to assess activity. The absolute configuration of the substrate
was labeled by using fluorescent dye (Alexa 488) via radical chemistry, as shown
in Scheme 2.15. Two 2 X 10°-sized libraries were constructed by extensive epPCR
and simultaneous saturation mutagenesis at sites lining the binding pocket,
respectively. And then the two libraries were subjected to FACS analysis. In the
latter case, the selection harvested mutants with a four- to eightfold improved
enantioselectivity for the p- and the L-substrate, respectively. However, no
stereoselective mutants were found in the previous library [50]. As the first case
of directed evolution of enzyme stereoselectivity using a eukaryotic organism
for surface displaying, it was suggested that the scope of enzyme yeast surface
display could be extended by employing “any nontoxic substrate that can be
conjugated to a standard linker” [50]. Nevertheless, more research is needed to
generalize this interesting concept.
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Scheme 2.15 Radical polymerization of L- or D-tyrosine and Alexa-488 derivatives using
horseradish peroxidase (HRP) as the catalyst. Source: Lipovsek et al. [50]/Elsevier.

As demonstrated in a proof-of-concepts study, single-cell FACS-based high
throughput was capable of identifying enantioselective enzymes [51]. An
esterase from Pseudomonas aeruginosa (EstA) was chosen as the catalyst
toward the hydrolytic kinetic resolution of the chiral ester derived from
2-methyldecanoic acid, (R)- and (S)-11 (Scheme 2.16). The transformation is the
same as the one that was used in the first example of directed evolution of an
enantioselective enzyme (lipase) (Chapter 1) [4a].

A WT EstA with a poor selectivity in the hydrolytic kinetic resolution of
rac-11 (E = 1.2, favoring (S)-12), was employed as an ideal starting point. The
two enantiomers of substrate rac-11 were labeled with green and red fluores-
cent dyes, respectively. During the analytical procedure, the tyramide ester
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Scheme 2.16 EstA-catalyzed hydrolytic kinetic resolution and used in FACS-based assess-
ment of enantioselectivity. Source: Adapted from Becker et al. [51].

substrates undergo hydrolysis and subsequent peroxidase-mediated formation
of short-lived radicals, which ensures the immediate covalent attachment
of reaction products to the surface of the esterase-proficient bacterial cell
(Scheme 2.17) [51]. As the attached products are fluorescence labeled, cells with
reactive mutants can be identified by FACS. This system allowed 10® cells to be
assayed individually within only a few hours.

Scheme 2.17 Coupling reactions ensuring covalent attachment of tyramide species on the
surface of E. coli cells [51], E, and P indicate esterase and peroxidase, respectively. Source:
Becker et al. [51]/John Wiley & Sons.
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In the attempt to evolve enantioselectivity, two distinct pseudo-enantiomeric
substrates (S)-14 and (R)-15 were used, labeled with indicator groups
2,4-dinitrophenyl (DNP) and biotin, respectively (Scheme 2.18). As a con-
sequence, the hydrolysis triggers green or red fluorescence signaling (R)- and
(S)-selectivity, respectively, via the designed experimental setup.
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Scheme 2.18 Two distinct labeled enantiomers of 2-MDA tyramide ester substrates (S)-14
and (R)-15. Source: Becker et al. [51]/John Wiley & Sons.

The designed cell labeling was programmed individually by conjugating
horseradish peroxidase (P) to the cell surface. In the case of DNP tyramide
labeling, an Alexa Fluor 488-labeled antibody was used to detect green fluo-
rescent, while the red fluorescence of biotin tyramide deposition was detected
by a streptavidin (R)-phycoerythrin conjugate. Flow cytometry can distinguish
between the individual labeled cells; the typical resultant FACS histograms are
displayed in Figure 2.3 [51].

To test the viability, more than 107 clones generated by epPCR were rapidly
analyzed by FACS. The identification of (R)-selective mutants in such a large
library was initiated by incubation with a 1:1 mixture of (S)-14 and (R)-15 after
applying the peroxidase. As a result, only 86 active clones were obtained from
the 6.8 x 107 FACS-analyzed cells. The enantioselectivity was then determined
for 35 randomly chosen mutants by kinetics under standard conditions using
(S)- and (R)-11 (Scheme 2.16), respectively. The best variant is a triple mutant
W185R/G224D/G263S with E = 16.3 in favor of the (R)-12 as determined in sep-
arate experiments. In addition, a few variants were identified representing very
slight enhancement of (S)-selectivity [51].

The authors envisioned that the somewhat moderate stereoselectivity could
be caused by the sub-optimal choice of the mutagenesis method (epPCR). In
fact, a previous study using the same substrate (rac-11) but a lipase instead of
an esterase, multiple cycles of epPCR also delivered a mutant showing only
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moderate enantioselectivity (E =11) [4a]. In contrast, later experiments using
saturation mutagenesis at CASTing sites proved to be much more efficient
(E =594 in favor of (S)-12) [4b]. Simultaneous saturation mutagenesis using
NNK-degenerated codons at the 10 amino acid positions adjacent to the
binding pocket could be even more effective if combined with FACS-based
flow-cytometry, which would cover an almost astronomically large protein
sequence space (~10%° variants) that cannot be completely screened by any
other current method. The optimal (R)- and (S)-selective mutants would then
be expected to be harvested in such a large library.
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Another work [52] reported the combination of in vivo selection along with
the earlier system in which one enantiomer generates a cell-death product [45].
The model substrate comprises ester 16 with an (R)-configuration in the acid part
and ester 18 with the opposite (S)-configuration (Scheme 2.19) [52]. After hydrol-
ysis, the product glycerol (17) can be afforded as an energy source for the E. coli
host, whilst hydrolysis of the pseudo-enantiomer 18 generates the dibromide 19,
which is toxic for the host. It evolved from low to high enantioselectivity. The best
mutant, which had been evolved in an earlier study, showed an E-value of 100
(R). The viability of this concept was demonstrated by the growth behavior of E.
coli in medium supplemented with mixtures of the two substrates in the presence
of esterases BS2, PestE, or CL1. In addition, this concept was further confirmed
by using a different esterase, PFE [52].
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Scheme 2.19 The esterase PFE-directed hydrolytic kinetic resolution toward the
pseudo-racemate (R)-16/(S)-18. Source: Fernandez-Alvaro et al. [52]/John Wiley & Sons.

In parallel, a series of in vitro methodologies have also been developed [1, 2],
including lysate assays and ribosome display [53], and especially systems based
on in vitro compartmentalization (IVC) [3c, 48d]. In the latter system [54], an
in vitro transcription/translation reaction mixture was added to stirred mineral
oil harboring appropriate surfactants such as Span80 and Tween80. The resultant
emulsion with particles has a mean droplet diameter of about 2.6 pm, which is
comparable in size to E. coli cells (Scheme 2.20). Such droplets proved to be suc-
cessful in enabling the translation of several proteins, including dihydrofolate
reductase and the DNA methyltransferase Haelll.

After this initial report [54], the IVC-concept has been expanded to include
directed evolution of proteins and RNAs for catalytic and binding properties
as well as regulatory activities [3c, 48d]. The general use of the technology
appeared to be somewhat limited because the polydisperse emulsions make
quantitative assessments impossible and the fact that the addition of new
reagents to preformed droplets is not trivial. However, these problems were
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Scheme 2.20 Schematic representation of gene selection in compartmentalized
oil-in-droplet emulsions. Source: Tawfik and Griffiths [54]/Springer Nature.

partially solved by the further development of droplet-based microfluidic devices
[25]. Some excellent examples include a high-throughput cellulase screening
system for activity [26a] and a highly parallel microfluidic droplet device which
enables single-molecule counting for digital enzyme detection [26b], among
other developments [26c-g]. By combining droplet microfluidic screening
with next-generation DNA sequencing, an ultrahigh-throughput technique for
probing enzyme sequence-function relationships has been successfully devised
[26d]. This method was employed to determine glycosidase variants displaying
higher activity and stability. In aqueous microdroplets, all members of a library
resulting from deep mutational scanning [27] were assayed and sorted. Both
of the sorted and unsorted variant pools were subsequently characterized by
high-throughput DNA sequencing (Figure 2.4) [26g]. This system depends on
an in-house constructed microfluidic droplet sorter that requires specialized
instrumentation.

These microfluidic devices have been profitably applied in many cases, includ-
ing physiologically relevant cell-based assays (e.g. proliferation of human cells)
[28], genetic analysis, and retroviral display using droplet-based microfluidics
[29]. It remains to be seen how well droplet-based technologies perform in the
broader context of directed evolution of stereo- and regio-selective enzymes as
catalysts in organic chemistry and biotechnology.
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Conclusively, a plethora of seminal studies have appeared with the focus on
selection systems (including display systems) for directed evolution of enantio-
selective enzymes, while in other cases, the respective techniques have not yet
been tested for this purpose. Although the various approaches and concepts are
clear, the majority of success has so far been limited to the directed evolution
of enantio-, diastereo-, and regio-selective enzymes. Nevertheless, further efforts
and ideas in this intriguing research area may lead to new assessments.

24
Conclusions and Perspectives

The decision of whether screening or selection should be used depends upon
the particular goal of a directed evolution project. On-plate pretests for activity,
whenever available, are always recommended. Nowadays, numerous enzymes,
from either genome mining or directed evolution, are emerging at unprece-
dented rates. However, the necessary validation of their catalytic properties
is time-consuming and labor-intensive, which often involves screening or
selection at a considerable throughput. On the one hand, growth-coupled,
UV/vis/fluorescence-based or molecular probe-dependent screening systems
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can be chosen specifically based on the signals of enzyme-catalyzed (see
Section 2.2). On the other hand, exerting growth selection pressures on the host
strains, including antibiotic resistance, auxotrophy, or detoxification, is also
capable of evolving desired variants (see Section 2.3).

When attempting to induce improved or reversed stereo- and/or regio-
selectivity, screening assays as opposed to selection platforms are currently the
only practical options. In these cases, screening is the bottleneck of the whole
process. For this reason, great efforts have gone into developing molecular
biological methods for generating higher-quality mutant libraries [15] (see also
Chapters 3 and 4). With these advanced genetic techniques and strategies, the
analytical effort has been reduced generally to the screening of several thousand
transformants or less. A state-of-the-art automated GC or HPLC should be
used. In the future, more efforts to merge advanced mutagenesis methods and
strategies (Chapter 4) with improved analytical techniques can be expected in
the protein evolution of selective enzymes [31, 55].
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3
Gene Mutagenesis Methods in Directed Evolution

and Rational Enzyme Design

3.1
Introductory Remarks

In Chapter 1, the basic characteristics of the most important gene mutagenesis
techniques have already been introduced, including error-prone polymerase
chain reaction (epPCR), saturation mutagenesis, and DNA shuffling. In the
present chapter, we go into more detail by analyzing the respective advantages
and disadvantages, in addition to listing other options and new developments.
Any of these or other gene mutagenesis methods can be expected to result in
the creation of improved enzyme variants [1, 2], but the degree of improvement
and the invested amount of lab work may be very different, which is sometimes
ignored. When applying directed evolution for mechanistic purposes, efficiency
plays a minor role. However, when the purpose is to evolve active, stereoselec-
tive, and robust enzymes as catalysts in organic and pharmaceutical chemistry
and/or biotechnology, then efficient, reliable, and fast techniques are required.
Since the bottleneck of directed evolution continues to be the screening step
(Chapter 2), advanced directed evolution techniques are featured here which
aim for “smart” mutant libraries exhibiting a high density of notably improved
variants (Section 3.2). Where appropriate, statistical analyses regarding the
degree of oversampling are included, which are essential for optimal library
design. This is followed by a description of current approaches to rational
enzyme design (Section 3.3). It will also be shown that the two options for
protein engineering no longer develop on separate tracks, but have merged in
recent years (Section 3.4) [1a, 2f, 3].

3.2
Directed Evolution Approaches

3.21
Mutator Strains

Traditionally, gene mutagenesis was performed for different reasons using
chemicals, radiation, or mutator strains. Bacterial mutator strains are based

Engyme Engineering: Selective Catalysts for Applications in Biotechnology, Organic Chemistry, and Life Science,
First Edition. Manfred T. Reetz, Zhoutong Sun, and Ge Qu.
© 2023 WILEY-VCH GmbH. Published 2023 by WILEY-VCH GmbH.
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on artificially enhanced mutation during replication, i.e. the efficiency of the
DNA repair machinery has been reduced [4]. They are relatively easy to apply,
requiring little or no knowledge of recombinant DNA techniques, as in the case
of the Escherichia coli strain XL1-Red, which was engineered to have a 5000-fold
higher mutation rate than wildtype (WT) [4e]. The natural mutation rate is low,
amounting to about 0.0025/1000 base pairs in 30 generations due to defects in
repair mechanisms, in contrast to the commercially available strain XL1-Red,
which causes 0.5/1000 base pair mutations. Pitfalls when using this strain are
outlined in the Agilent instruction manual [4e]. In directed evolution, mutator
strains have been rarely used [4c, d], a notable example being the industrial
production of chiral amines catalyzed by monoamine oxidases [4c]. Another
case study of evolving antibiotic resistance utilizes mutator strain MP6 that
produces an average of 29 substitutions per genome per generation, which is
afourfold higher mutation rate than that of XL1-Red [4f].

3.2.2
Error-Prone Polymerase Chain Reaction (epPCR)

For a long time, epPCR was the most popular gene mutagenesis method in
directed evolution [5] (see Section 1.1). Whenever structural information about
an enzyme is lacking, epPCR is certainly the preferred approach, although
today the method is sometimes used even when X-ray structural information
is available [6]. It introduces mutations more or less randomly over the whole
gene/protein, as opposed to saturation mutagenesis, in which random mutations
are restricted to defined sites in the protein (Section 3.2.4). The full-gene epPCR
mutagenesis method is illustrated in Scheme 3.1 [7].

The details of epPCR involve the following steps: In the first step, the DNA
of a given gene is denaturized into single strands, followed by the second step
in which annealing of a primer to the DNA single strands occurs, the primers
consisting of two oligonucleotides having lengths of 15-30 base pairs comple-
mentary to the ends of the amplified region. In the third step, primer extension is
ensured by an appropriate DNA polymerase, which lacks proof-reading ability.
Based on the original sequence, nucleotides complementary to the single-strand
template are added until normal DNA double strands are restored. The Taq
polymerase from the thermophilic bacterium Thermus aquaticus is used most
often [5]. It incorporates “wrong” nucleotides at a fairly low frequency of
0.1-2x107* [8]. In epPCR experiments, the error rate can be continuously
increased to 1-20x1073. This is achieved by performing the polymerase
chain reaction (PCR) “sloppily” so that mistakes in DNA base pairings are
introduced, which encode point mutations in the protein. The mutation rate can
be controlled empirically by varying such parameters as the MgCl, or MnCl,
concentrations, employing unbalanced amounts of nucleotides, and utilizing
higher concentrations of Taq polymerase. The error-rate can also be influenced
by the incorporation of synthetic mutagenic dNTPs such as 8-oxo-dGTP, which
is subsequently eliminated in PCR employing natural dNTPs [9]. On average,
one, two, three, or more amino acid exchange events at the protein level can be
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Scheme 3.1 |Illustration of epPCR. Source: Adapted from Ref. [7].

induced by epPCR. Following amplification, the DNA products (new sequences)
are cloned into an appropriate vector, which can be the “rate-limiting” step in
terms of lab work [10]. Recently, a new method called “casting epPCR” was
developed to increase the substitution rate by dividing the target sequence into
a few fragments, but the benefits were not fully clear [11].

An informative review summarizing the virtues of different techniques for
cloning into expression vectors, thereby enabling protein synthesis in a host,
has appeared [12]. A number of epPCR kits are commercially available, but they
are not identical in terms of performance. Assessing the relative efficiency by
performing systematic comparative studies of the kits using different enzymes
has not been done to date, although many companies offer helpful information.
For example, the GeneMorph II Random Mutagenesis Kits (Stratagene) have
been developed to a point where a more uniform mutational epPCR spec-
trum results as a consequence of partially reduced amino acid bias. It utilizes
Mutazyme II DNA polymerase, an epPCR enzyme blend leading to equivalent
mutation rates at A’s and T’s versus G’s and C’s. It is interesting to note that
the epPCR strategy has been applied to the generation of influenza vaccine
candidates [13].

The size of epPCR libraries varies according to the amount of lab work the
researcher is willing to invest, with 10°~10° clones being typical if screening
(not selection) is involved. When a selection or fluorescence-activated cell sorter
(FACS)-based screening system is available, epPCR libraries comprising 10°-10°
clones can be handled (Chapter 2). A detailed protocol which considers some of
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the limitations of epPCR was published in 2003 [14] and further developments
continue to this day (see below).

Less experienced users of epPCR should be aware of all the drawbacks
of this random mutagenesis technique, which is often considered to cover
more or less the whole gene/protein in a “shotgun” manner [15]. Ideally, the
full-gene mutagenesis method would ensure the equal occurrence of all four
transitions T, (AT — GC and GC — AT) and eight transversions T, (AT — TA,
AT — CG, GC - CG, and GC — TA), which means a probability of 16.67% for
each nucleotide substitution pair as well as a T:T, ratio of 0.5 [12]. Also, in an
ideal technique, deletions and insertions should not occur. Bias occurs in epPCR
due to the redundancy of the generic ode, among other factors. For example,
AT — GC transitions and AT — TA transversions are favored. Due to statistical
reasons, only single bases are replaced within the triplet codon, which restricts
diversity considerably. The event of two or even three base-pair exchanges per
codon is extremely unlikely. Therefore, at best one nucleotide of a given codon is
exchanged, leading to just nine (instead of 64 possible) different codons encoding
four to seven (instead of 20) different amino acids. The number of “designed”
amino acid substitution events in reality depends on the type of original codon.
For example, silent mutations are more likely for some types of codons, e.g. CGA
coding for arginine, than for other types, e.g. AAC coding for asparagine. These
and other sources of bias have been discussed in an experimental study flanked
by a statistical analysis [16]. By analyzing every single codon of the lipase from
Bacillus subtilis, composed of 181 residues, a model calculation was performed,
which reveals the real number of enzyme variants obtained by epPCR with one
mutation per gene. Employing the conventional algorithm in Eq. (3.1),

N = 19"X1/[(X = M)IM!] (3.1)

where N denotes the number of variants at maximal diversity, M the total
number of amino acid substitutions, and X the number of amino acids, the
theoretical number of variants assuming the absence of bias or other problems
can be calculated (Table 3.1) [16]. The mutational bias for this particular model
system was then estimated (Scheme 3.2).

Table 3.1 Theoretical number of variants in a library obtained for a protein consisting
of 181 amino acids (lipase A from B. subtilis) with one to five amino acid exchanges per
enzyme molecule.

Number of amino acid exchanges (M) Number of variants (N)
1 3439

2 5880690

3 6666 742230

4 5636730555465

5 3791264971 605 760

Source: Ref. [16]/Taylor & Francis.
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Scheme 3.2 Mutational bias of epPCR in the C— G result in a further decrease of diver-
case of the lipase from Bacillus subtilis. The  sity: for codon AAC, six different amino acid

substitution of one nucleotide per codon exchanges may occur, and for the GC-rich
results in nine new triplets which may codon CGA just a single new amino acid
encode four to seven different amino acids  exchange is expected. Background color cod-
depending on the type of codon. (a) The ing: white shows codons that encode new
example shows that the mutation of the amino acids, gray indicates silent mutations,

codon AAC coding for asparagine can yield  or the formation of stop codons, and black
a maximum of seven different amino acids,  shows codons that would require the for-
whereas the mutation of the codon CGA mation of an unfavored basepair exchange
coding for arginine can yield a maximum of (G—T,C—A, G—C, or C— G). The bold
four different amino acids. (b) Low frequen- letters indicate nucleotides exchanged by
cies of transversions G- T, C— A, G- C, and epPCR. Source: Ref. [16]/Taylor & Francis.

It can be seen from Scheme 3.2 that serious amino acid bias occurs. In
further analysis, it was concluded that the calculated library sizes represent
only about 20% of the theoretical diversity in this system [16]. Potential users
of epPCR should be aware of this phenomenon [15]. Consequently, here and in
other systems, Eq. (3.1) cannot be used to estimate the real diversity when using
epPCR. It is also important to point out that due to statistical reasons, mutations
remote from the active center are more likely to occur.

Another source of undesired bias results from the exponential nature of
PCR amplification [17]. Several other studies which model epPCR by statis-
tical means and in part by experimental data have appeared in the literature.
Although different approaches were taken, these analyses likewise illuminate

63



64

3 Gene Mutagenesis Methods in Directed Evolution and Rational Enzyme Design

the scope and limitations of this mutagenesis method [18]. Variations and/or
improvements have appeared, e.g. by alcohol-mediated epPCR [19] or epPCR
influenced by heavy water (D,0) [20], both showing a clear shift in bias. Other
DNA polymerases have been used, showing different bias [21], and still others
have been reengineered for the purpose of using them in random mutagenesis
[22]. In order to reduce bias, two DNA polymerases have been used in one exper-
imental setup: Taq and Mutazyme combined with a recombinant mutagenesis
method [21].

In a different study, a mutagenesis method called “hypermutagenic PCR” was
reported, which involves all four transitions and a large proportion of transver-
sions [23]. It can be considered to be an extension of epPCR, but thus far it has
not been used very often in directed evolution. In order to enhance the pro-
ficiency of epPCR by alternative means, “megaprimer PCR of whole plasmid”
(MEGAWHOP) was introduced, which is a successful PCR amplification proce-
dure used in many other cloning applications as well [24]. It has also been applied
in directed evolution not directly based on epPCR [25], e.g. when applying satu-
ration mutagenesis in special cases [26, 27].

Guidelines and carefully worked out experimental protocols for applying
epPCR are available [7, 14, 28]. Unfortunately, in some published directed
evolution studies based on epPCR, details are missing, which means that it is
not clear which version was actually used. Other critical remarks on the epPCR
variations have been reviewed [29].

It should be noted that the abovementioned disadvantages of epPCR do not all
mean that this method is fully disqualified. The user should simply know what
is being generated in terms of diversity and what is not formed. Indeed, this
message applies to all gene mutagenesis methods, because none are “perfect.”
How much screening is performed depends upon the amount of effort the
researcher is willing to invest. Algorithms for estimating diversity and library
(in)completeness in epPCR and other gene mutagenesis methods have been
developed [28a, 30].

Once the optimal choice of an epPCR version has been made, the question of
mutation rate arises. Should the epPCR conditions be chosen so that on average
a single amino acid substitution occurs per enzyme, or should they be adjusted
to lead to two, three, or even more exchange events? In the latter case, protein
sequence space increases astronomically. A general answer cannot be given, but
trends are emerging. If an assay system based on a type of “selection” with or
without FACS-analysis (Chapter 2) is available, then a high mutational rate can
be used, which is the preferred option. If screening based on gas chromatography
(GC) or high performance liquid chromatography (HPLC) is the only possibility,
as in most directed evolution studies aimed at improving activity, stereo-, and
or regio-selectivity, the answer has remained unclear for some time. In the orig-
inal publication reporting the directed evolution of an enantioselective enzyme
(lipase from Pseudomonas aeruginosa, PAL) as the catalyst in a hydrolytic kinetic
resolution (Schemes 1.9 and 1.10) [31], a low error rate averaging one amino
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acid substitution was applied. This was the general guideline in several previ-
ous papers on thermostability because it was thought at the time that as the
number of mutations rises, so does the probability of deleterious unfolding [32].
In the case of the stereoselectivity study, low error-rate epPCR in all four cycles
resulted in moderate catalyst improvement, as shown in Schemes 1.9 and 1.11
[31]. In contrast, upon repeating the epPCR experiments at a higher mutational
rate, averaging about three amino acid substitutions per enzyme molecule, con-
siderably better results featuring higher degrees of enantioselectivity in the same
hydrolytic kinetic resolution were observed [33]. However, no improvements in
further epPCR cycles were observed, leading to the conclusion that recursive
epPCR is not the most efficient mutagenesis method for enhancing [33] or revers-
ing enantioselectivity [34]. In the long run, it proved to be a turning point in
the directed evolution of stereoselective enzymes since focused randomization
at semi rationally chosen residues by means of saturation mutagenesis was con-
sidered for the first time and shown to be superior to epPCR [1a, 2f].

The above epPCR results at a high mutation rate originated from a single study
cannot be generalized as such. Nevertheless, the trend suggests that creating
theoretically higher diversity at a given screening effort in the expanded pro-
tein sequence space is more rewarding than opting for low diversity at the same
screening effort [33]. This assessment contradicts previous studies [32]. Relevant
is an earlier conclusion stating that no “optimal mutational load for protein engi-
neering” is possible [9]. Just a few years later, several studies (not focusing on
stereoselectivity) suggested that high mutational rates are in fact preferred [35].
Indeed, original recommendations concerning low mutational rate [32a] were
later reversed by coming to the conclusion that “high error-rate random mutage-
nesis libraries are enriched in functional and improved proteins” [36].

In addition to the above improvements of epPCR leading to reduced bias,
several alternative whole-gene random mutagenesis techniques have been
proposed, although thus far they are rarely applied. One of several approaches
combines the generality of epPCR with Kunkel-mutagenesis (Section 1.2), in
which it was shown that competent cells engineered for expressing restriction
endonuclease in vivo by epPCR are efficient in the elimination of partial and
parental clones in digestion and subsequent retransformation [37]. However,
error-prone rolling circle amplification (epRCA) [38] and sequence saturation
mutagenesis (SeSaM) [39] are further examples, which are rarely used. epRCA
is a “sloppy” form of traditional rolling circle amplification (RCA) used for
diagnostic and biosensing assays [40]. Mutations are introduced by varying
the MnCl, concentration. The method has been described as the “simplest
random mutagenesis method” [38]. A single RCA step is necessary, followed
by direct transformation of the host strain, leading to mutants characterized
by three to four mutations per kilobase. Advantages include the fact that no
restriction enzymes, ligases, specific primers, or special equipment such as a
thermocycler are needed. However, some bias remains. The use of $29DNA
polymerase or mutant thereof favors C — T and G — A mutations (66%), which
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differs considerably from Taq polymerase. RCA has also been used to construct
large phage display antibody libraries [41], and it has been exploited in primer
extension mutagenesis [42]. In another approach, the QuikChange™ protocol
for site-directed mutagenesis or saturation mutagenesis (see Section 3.2.4) was
performed with added MnCl,, which resulted in the construction of randomly
mutagenized libraries with the claimed advantage that a ligation step becomes
superfluous [43]. It remains to be seen whether these methods are in fact simple
and efficient enough to be widely used in directed evolution.

The same question pertains to the 4-step SeSaM technique, which likewise
reduces bias, but requires a formidable laboratory effort [39]: (i) Generation of a
pool of random length DNA fragments. (ii) Utilization of a universal/degenerate
base(s) at the 3’-termini of the DNA fragment pool. (iii) Application of PCR
for elongation of the DNA fragment pool to full-length mutant genes. (iv)
Replacement of universal/degenerate bases by the use of standard nucleotides.
The second generation SeSaM-Tv protocol is an improvement, but again, it is still
somewhat labor-intensive [39b].

In summary, when researchers consider the use of whole-gene random
mutagenesis methods, then epPCR should be chosen. Relative to the original
versions [5a], various improvements and alternatives have been reported (see
discussions above). Several standard protocols are available 7, 14, 28]. To date,
none of the alternative whole-gene mutagenesis techniques has replaced epPCR.
A recent example of using solely epPCR without the aid of DNA shuffling or
saturation mutagenesis is highlighted here. It concerns the directed evolution
of prodigiosin ligase PigC as the enzyme in the condensation reaction of the
bifurcated prodigiosin biosynthesis (Figure 3.1) [44]. It is noteworthy that the
epPCR campaign always relies on high-throughput screening. However, in most
cases, the semi-rational approach to directed evolution based on saturation
mutagenesis, which ensures mutations at or near the binding pocket, is the
better way to proceed [1a, 45], as noted as early as 2001 [33] and agreed on by
various groups [46] (see Section 3.2.4 for details).

3.2.3
Whole Gene Insertion/Deletion Mutagenesis

In natural evolution, the types of mutations include insertions and deletions [47].
In protein engineering, undesired insertions and deletions are generally a nui-
sance when applying such mutagenesis techniques as epPCR, saturation mutage-
nesis, or DNA shuffling, but they can indeed occur. For example, the application
of a high error rate when using epPCR may induce insertions and deletions. Ways
to eliminate such unplanned events and other undesired mutations, specifically
when applying focused saturation mutagenesis, have been developed [48] (see
Section 3.2.7). However, whole-gene mutagenesis techniques enabling random
insertion and deletion can in fact be beneficial. In one of the early reports, a
technique for specific random insertion and substitution was described [49], to
be followed by “random insertion and deletion” (RID), which allows the deletion



3.2 Directed Evolution Approaches

PigC epPCR clone Soaking in pyrrolic
library in Pseudomonas putida substrate solution
on LB-IPTG agar \ (250 pM)
Absorbance
measurement of Transfer of red
ethanolic extracts High ‘ colonies to
t nm recultures
at5%6 throughput P

Absorbance

[ Plate reader screening
. Chco
NH °

Clone number

NH N l Individual expression
: R =-CH, of PigC clones
Ethanolic = 1 %/

6h130°C 900 rpm
extraction of
prodiginines from

cell pellets Addition of 100 pM

pyrrolic substrates
per well

Overnight prodigininé
synthesis by PigC clones
16 h 130 °C 1900 rpm

Figure 3.1 epPCR-directed evolution of prodigiosin ligase PigC with the aim to improve
the activity. Source: Ref. [44]/Royal Society of Chemistry.

of an arbitrary number of consecutive bases (up to 16) at random positions and
enables the insertion of a specific sequence or random sequences of an arbitrary
number [50]. The 8-step protocol is summarized in Scheme 3.3.

Variations and improvements to the RID approach have been reported [51].
The RID procedure was initially applied to the directed evolution of the green
fluorescent protein GFPyy by replacing three randomly chosen consecutive
bases with a mixture of 20 codons [50]. In E. coli as host, six variants were
selected, several of which show quite different fluorescence properties. A yellow
fluorescent protein and an enhanced green fluorescent mutant were identified,
neither of which was accessible by conventional epPCR. It should be mentioned
that the earliest directed evolution studies of GFPs utilized other mutagenesis
methods such as epPCR [52] or saturation mutagenesis at a 20-residue region
[53]. Unnatural amino acids using expanded genetic codes [54] can also be
introduced by this technique [52a, 55], but undesired secondary mutations in
the PCR process may also occur. Studies reporting other techniques for deletion
mutagenesis have appeared, claiming simpler protocols [56, 57]. For example,
phenylacetone monooxygenase (PAMO), which has a narrow substrate range
in Baeyer-Villiger reactions, was converted into a cyclohexanone monooxy-
genase (CHMO) by rationally designing deletions at several residues, guided
by the consensus techniques and X-ray data (Figure 3.2) [57]. Deletions were
performed on residues S441, A442, and 1443, and combinations thereof. Dele-
tion of A442 led to the best results, e.g. high activity in the Baeyer-Villiger
monooxygenase (BVMO)-catalyzed reaction of 2-phenylcyclohexanone, which
is not accepted by WT PAMO. Nevertheless, a completely different protein
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Scheme 3.3 Illustration of random inser-
tion/deletion (RID) mutagenesis for the con-
struction of a library of mutant genes. Step
1: (1) The fragment obtained by digesting
the original gene with EcoRIl and Hindlll is
ligated to a linker; and (2) the product is
then digested with Hindlll to make a linear
dsDNA with a nick in the antisense chain.
Step 2: The gene fragment is cyclized with
T4 DNA ligase to make a circular dsDNA
with a nick in the antisense chain. Step 3:
The circular dsDNA is treated with T4 DNA
polymerase to produce a circular ssDNA.
Step 4: The circular ssDNA is randomly
cleaved at single positions by treating with
Ce(IV)-EDTA complex. Step 5: The linear
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ssDNAs, which have unknown sequences

at both ends, are ligated to the 5’-anchor
and the 3’-anchor, respectively. Step 6: The
DNAs that are linked to the two anchors at
both ends are amplified by PCR. Step 7: The
PCR products are treated with BciVI, leav-
ing several bases from the 5’-anchor, at the
5’-end. The BciVI treatment also deletes

a specific number of bases at the 3’-end.
Step 8: The digested products are treated
with the Klenow fragment to make blunt
ends and cyclized again with T4 DNA lig-
ase. The products are treated with EcoRIl and
Hindlll, and the fragments are cloned into
an EcoRI-Hindlll site of modified pUC18
(PUM). Source: Ref. [50]/Springer Nature.

engineering strategy based on Combinatorial Active-Site Saturation Test (CAST)
and soliciting the PAMO crystal structure and the consensus technique in which
eight homologous BVMOs were aligned, provided notably better results, as
highlighted in Section 4.3.3.3 [58]. Combining the two approaches has not been
attempted to date. A different deletion/insertion technique dubbed INSULT
avoids subcloning and obviates the necessity of special “ultra-competent cells”
in other systems [59].

While the general concept of inserting and deleting residues has not
been applied very often in directed evolution, a new start was recently made by
assessing unexplored regions of fitness landscapes in directed evolution via inser-
tion/deletion mutagenesis [60]. The authors introduced a transposition-based
random insertion and deletion mutagenesis (TRIAD) approach for generating
libraries of random variants with short-frame insertions and deletions, the aim
being to turn a phosphotriesterase into an arylesterase. The general procedure
of constructing deletion libraries includes five main steps: (1) generating a
TransDel insertion library by transpositioning the transposon TransDel into
the target sequence; (2) digestion of a single break per variant by removing
TransDel along with an extended 3 bp from the target sequence using the type
IIS restriction enzyme Mlyl; and (3a) the reformation of the target sequence
minus 3bp by self-ligation, thereby generating a library of single variants; or
(3b) inserting DNA cassettes (e.g. Del2 and Del3) within the break in the target
sequence, followed by (4b) digestion and self-ligation and (5b) to generate double
and triple variants, respectively. Likewise, generation of insertion libraries also
requires five steps: (1) transpositioning the transposon TransIns into the target
sequence; (2) digestion by NotI and Mlyl to remove TransIns; (3) insertion of
DNA cassettes Insl, Ins3 and Ins3 (with 1, 2, and 3 randomized NNN triplets,
respectively) within the target sequence to obtain the corresponding insertion
libraries; (4) removing the cassettes via Acul digestion and 3’-end digestion;
and (5) self-ligation of the target sequence to elongate 3, 6, and 9 random bp,
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ture of PAMO (1W4X) (left) and the homol-
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sequence identity [57]. The upper parts
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representation. Source: Ref. [57]/Jlohn Wiley
& Sons.

and generate libraries of single variants with an insertion of 1, 2, and 3 triplets,
respectively (Figure 3.3) [60].

AncHLD-RLuc is a bifunctional enzyme that is able to catalyze both
haloalkane dehalogenase (HLD) and luciferase (LUC) reactions [61]. By utilizing
the TRIAD approach, random insertion-deletion (InDel) libraries were con-
structed using AncHLD-RLuc as the starting enzyme (Figure 3.4) [62]. After
screening of the libraries, 25 hits with improved LUC or HLD activities were
selected. The selected beneficial variants were then subjected to protein
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Figure 3.3 The general procedure of transposon-based mutagenesis approach (TRIAD).
Deletions and insertions are shown by red vertical lines and purple triangles, respectively.
Source: Ref. [60]/Springer Nature/CC BY 4.0.

dynamics and statistical analysis. Thereafter, the resultant dynamic elements
that may be essential for efficient catalysis were transplanted and assembled to
form a new variant, AncFT. It showed a 7000-fold increase in catalytic efficiency
relative to AncHLD-RLuc and a 100-fold longer glow-type bioluminescence
than the wild-type Renilla luciferase RLuc8 [62]. As a result of the application of
TRIAD-guided library construction, it demonstrates that insertions or deletions
are effective means in protein engineering, not only point substitutions.

While deletion/insertion mutagenesis in directed evolution has not been
applied very often and is difficult to design by prediction, such mutations as
well as point mutations are currently being considered in a completely differ-
ent research area: Utilization of CRISPR genome editing in human induced
pluripotent stem cells (iPSCs) [63].
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3.24
Saturation Mutagenesis as a Privileged Method: Away from Blind Directed Evolution

The basic characteristics of saturation mutagenesis were already outlined in the
introductory Chapter 1. It involves random amino acid exchange events at a
defined single amino acid position, or at a site composed of more than one amino
acid position in a protein of interest, with creation of focused mutant libraries.
Various terms have been proposed for different ways to apply saturation muta-
genesis [1a]. When a randomization site comprises a single amino acid position,
it is often called Site Saturation Mutagenesis (SSM). When several residues
are grouped into a larger randomization site, the designation “combinatorial
saturation mutagenesis” (CSM) is sometimes used [1a]. Generally, the term
“saturation mutagenesis” suffices.

Maximum genetic diversity in saturation mutagenesis is introduced when all
20 canonical amino acids are used as building blocks by way of NNK or NNS
codon degeneracy, but reduced amino acid alphabets can be employed in clever
ways (see below). Restricting randomization to a single amino acid position or a
site composed of several such positions should be guided by various types of infor-
mation, including X-ray structural data (if available), homology models, and/or
consensus sequence information. The decision where randomization should be
focused is crucial, which depends upon the purpose of a mutagenesis project [2f]:

« At hot spots identified by epPCR for manipulating theoretically any catalytic
property of interest such as enhanced thermostability [64] or increased stere-
oselectivity [65] (but this strategy does not always work [66]).

« At positions selected by rational design for enhancing oxidative stability [67].

At positions predicted by a consensus approach based on multiple sequence
alignment (MSA) and guided by structural information for enhancing
stability [68].

+ At sites lining the binding pocket for manipulating activity, stereo-, and
regio-selectivity and/or substrate scope [1a, 2f].

« At remote sites which can be expected to induce allosteric effects for manipu-

lating activity, stereo-, and regio-selectivity and/or substrate scope [69].

At sites displaying high B-factors for manipulating thermostability and/or

robustness in the presence of hostile organic solvents [70].

Experience has shown that some choices are more productive than others
[1a, 15]. If a completely wrong decision is made, then the probability of gen-
erating variants displaying improved catalytic profiles is low, e.g. performing
saturation mutagenesis at sites lining the binding pocket in order to enhance
thermostability would not be a reasonable choice, although in exceptional
cases, such a mutation may in fact lead to enhanced stability (Chapter 6). In the
discussion that follows, different molecular biological techniques for saturation
mutagenesis are described before addressing strategic questions about how to
apply them optimally.
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In the introductory Chapter 1, a number of older methods of saturation
mutagenesis are featured, some of which are no longer in use today due to the
emergence of superior protocols. As a most general description of this focused
mutagenesis method, appropriate primers that carry the genetic information
encoding the desired mutational changes are designed, prepared in the lab
or acquired commercially, and applied in different procedures. A bewildering
number of studies have appeared and continue to be published which feature
variations and improvements in saturation mutagenesis, some only reporting
improved cloning procedures in specific cases (which is essential for acceptable
performance). Systematic comparative studies are rare, and since they cover
only a limited number of approaches [1, 2, 26b, 71-75], general conclusions
are not possible. Fortunately, during the last few years trends, have emerged
[1a, 15]. The following three options appear to be most popular:

* QuikChange protocol [71].
« Megaprimer approach [24, 72, 76].
« Overlap extension polymerase chain reaction (OE-PCR) [73].

The most commonly used procedure for saturation mutagenesis is the
so-called QuikChange protocol of Stratagene/Agilent [71], which is based
on previous studies (Chapter 1). Originally, it was developed for efficient
site-specific mutagenesis, but it can be used to include saturation mutagenesis at
a single specified residue or at a site composed of up to five amino acid positions.
It consists of several steps: (i) plasmid amplification with a pair of comple-
mentary primers on both the sense and anti-sense strands containing designed
mutations; (ii) Dpnl digestion to selectively removing the methylated parental
strands; and (iii) transformation into an appropriate host (e.g. E. coli strain)
(Scheme 3.4). In the first step, a DNA polymerase such as Pfu or KOD-DNA
having no nick-translation activity needs to be used. As already pointed out,
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Scheme 3.4 Illustration of saturation mutagenesis based on the QuikChange™ (Strata-

gene/Agilent) protocol. Source: Adapted from Ref. [71].
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algorithms for estimating diversity and degree of library completeness when
using saturation mutagenesis have been developed [30].

A reasonable recommendation for potential users is to start with QuikChange,
and in the case of poor or negative results, to continue empirically by testing
the megaprimer approach or overlap extension-based OE-PCR (or combinations
thereof). QuikChange may fail due to problems associated with primer length
and design, especially when more than five amino acid positions are targeted
simultaneously. The formal representation of the megaprimer approach is shown
in Scheme 3.5 [24, 72, 74]. Two cycles of PCR are required, utilizing two flanking
primers and one internal mutagenic primer carrying the designed base substitu-
tion(s). The first PCR round is carried out using the internal mutagenic primer
and the first flanking primer. This PCR product, the “megaprimer,” is purified
and then used together with the second flanking primer for the second PCR. This
ensures that the final PCR product harbors the desired mutation(s) in a specific
DNA sequence.

f

PCR with primers ¢ 4_3
2and 3
‘ !

J <L

PCR with primer 1 l Megaprimer
and megaprimer
A

V

Scheme 3.5 General illustration of megaprimer PCR. Source: Adapted from Ref. [74].

As already pointed out in Chapter 1, OE-PCR is a particularly important
advancement when generating focused libraries. It involves several steps, as
outlined in Scheme 3.6 [73].

Even with these improvements, problems may still arise [la], especially
in the case of recalcitrant targets such as large plasmids. Unfortunately,
some researchers may not be aware of this scenario, which results in poor
quality libraries, unless quality checks are administered. An example for
which a solution has been offered is P450-BM3 from Bacillus megaterium,
a case of difficult-to-amplify templates [75]. Based on the concept of using
non-overlapping oligonucleotides [77], a notably improved two-stage technique
for creating saturation mutagenesis libraries was developed (Scheme 3.7). In the
initial stage, the mutagenic primer and the anti-primer (not complementary)
anneal to the template. In the second stage, the amplified sequence is utilized
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occurs by additional primers “a+d.” Source:
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as a megaprimer. Importantly, sites comprising more than one residue can be
randomized efficiently in a single PCR, irrespective of their location in the gene
sequence. In a systematic comparative study, the virtue of this method was
carefully compared with the performance of traditional QuikChange and related
techniques using four different enzymes: P450-BM3 from B. megaterium; PAL;
lipase B from Candida antarctica; and epoxide hydrolase from Aspergillus niger
[75]. In all cases it proved to be superior in terms of library quality.

Several other strategies for higher-quality saturation mutagenesis libraries
which lead to less amino acid bias, have been reported: (i) Synthesis of
redundancy-free mutagenic primers using special mono-, di-, or tri-nucleotide
phosphoramidite solutions [78]. (ii) The MAX strategy is based on the synthesis
of a template and 20 selection oligonucleotides followed by hybridization [79],
and its extension to contiguous codons via the ProxiMAX method [80].

Recently, a significant improvement in SSM was reported, which reduces
amino acid bias and makes the appearance of all desired 19 canonical amino



Stage 1
A
Target site

Option 1
Option 2

3.2 Directed Evolution Approaches

Optlon 3

O@O O
©©© @

~N S

Stage 2

Desired random variants

Scheme 3.7 Efficient method for satu-
ration mutagenesis useful for cases of
difficult-to-amplify templates, the scheme
showing variation of the antiprimer posi-
tion. The gene is represented in blue, the
vector backbone in gray, and the formed
megaprimer in black. In the first stage of the
PCR, both the mutagenic primer (positions
randomized represented by a red square)
and the antiprimer (or another mutagenic
primer, shown to the right) anneal to the

® Randomized site

template and the amplified sequence is
used as a megaprimer in the second stage.
Finally, the template plasmids are digested
using Dpnl, and the resulting library is trans-
formed in bacteria. The scheme to the left
illustrates the three possible options in the
choice of the megaprimer size for a single
site randomization experiment. The scheme
to the right represents an experiment with
two sites being simultaneously randomized.
Source: Ref. [75]/Springer Nature.

77



78| 3 Gene Mutagenesis Methods in Directed Evolution and Rational Enzyme Design

acid substitutions at a defined residue highly probable [81]. Whereas most
other approaches involve a one-step PCR procedure, a two-step PCR-based
technique was developed in which a mutagenic primer and a non-mutagenic
(silent) primer are first employed to generate a short DNA fragment. Follow-
ing recovery, it is then used as a megaprimer in order to amplify the whole
plasmid (Scheme 3.8). In order to illustrate the utility of this procedure, the
difficult-to-amplify gene of cytochrome P450-BM3 was used. Of course, an
alternative is to perform 19 site-specific mutagenesis experiments, but this can
be costly and time-consuming. Compared to the two-step PCR procedure, the
one-step PCR may lead to sub-optimal library quality when using large plasmids
as templates [1a].
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lasmid amplication
Template P P Template
dsDNA dsDNA

Degrade template with
Dpn | and transform
into host cell

Plate onto agar plate and harvest

the library
(a)
F X
(‘?? F ¥  or \
PCR with mutagenic Recovered DNA v X
Q primers to incorporate fragments as N
R mutations X megaprimers to run
R’ PCR
Template i % or Template
dsDNA | x dsDNA
PCR to perform
whole plasmid
amplication
Plate onto agar D;g;ag;;eln;;:gte
plate and harvest transform into x 1
the library host cell
Mutants Mutants
dsDNA dsDNA
(b)
Scheme 3.8 (a) Illustration of canoni- construction method using the two-step
cal SSM library construction using the PCR approach with a mutagenic primer and

one-step PCR approach with partially over-  a non-mutagenic (silent) primer. Source:
lapping primers. (b) Improved SSM library Ref. [81]/Springer Nature/CC BY 4.0.

Other variations such as OmniChange [82a] and OSCARR [82b, c], have not
been applied very often. In an interesting publication, the so-called Golden
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Mutagenesis was developed, in which multi-site saturation mutagenesis was
performed with automated primer design [82d]. In this approach, one to five
amino acid positions can be altered simultaneously. The close relationship to
CAST/Iterative Saturation Mutagenesis (ISM) was noted.

While many of these “tricks” promise higher-quality libraries, choosing
the correct randomization site(s) is just as important [1a, 15]. When activity,
substrate scope, stereoselectivity, and/or regioselectivity are the parameters of
interest, rational design exploiting site-specific mutagenesis at the active site
may be an alternative strategy. Few studies have demonstrated efficacy [83, 84].
Indeed, purely rational design is not as general as directed evolution based on
focused combinatorial randomization at sites lining the binding pocket [2f].
The latter directed evolution approach was first employed in the successful
attempt to enhance the enantioselectivity of lipase A from P. aeruginosa as
the catalyst in the hydrolytic kinetic resolution of a chiral ester (Schemes 1.9
and 1.10), saturation mutagenesis being focused on a 4-residue site lining the
binding pocket [33] (see also Chapter 4 for an analysis of this early experiment).
In view of Emil Fischer’s lock-and-key hypothesis [85] and Linus Pauling’s
concept regarding transition state stabilization by the protein environment [86],
any attempt to reshape an enzyme’s binding pocket by saturation mutagenesis
at such sites for manipulating stereo- and/or regio-selectivity, or substrate
acceptance appears perfectly logical [46b,c] (see also Chapter 8). It is all the
more surprising that this strategy [33] was not systematized until later with
the emergence of the CAST [87], a convenient acronym for this embodiment
of saturation mutagenesis. Residues surrounding the binding pocket are first
identified on the basis of X-ray data or homology models, designated as A, B,
C, etc. (Scheme 3.9a). A limited selection of CAST sites (red-marked residues
in Scheme 3.9a) is often sufficient. Each site may comprise one, two, or more
amino acid positions. The problem of how to group single-residue sites into
multiple-residue sites (if at all), constitutes a strategic question to be treated in
Chapter 4. The libraries A, B, C, etc. may harbor improved hits, but the degree
of improvement may not be acceptable. This problem can be solved by applying
ISM [88a], first reported in 2005 using an epoxide hydrolase as the catalyst in
the hydrolytic kinetic resolution of a racemic epoxide [88b]. Accordingly, the
gene of a hit in a given library is used as a template for saturation mutagenesis
at another site, and the process is continued until all sites have been visited
once in an upward pathway. The schemes for 2-, 3-, and 4-site ISM systems are
illustrated in Scheme 3.9b, involving 2, 6, and 24 upward pathways, respectively
[2f, 88, 89]. Questions of how to identify the optimal upward pathway and how
to escape from local minima are also treated in Chapter 4.

When applying saturation mutagenesis, the issue of oversampling in the
screening process needs to be considered [2f, 89, 90], which is essential when
choosing the optimal evolutionary strategy (Chapter 4). Two types of statistical
analyses have been proposed for estimating the required degree of screen-
ing (necessary number of transformants) assuming the absence of bias: the
Patrick/Firth algorithm [30a, b] or similar metrics [30c, d] which focus on the
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sites (red boxes) for a simultaneous SM; nique. Source: Adapted from Refs. [87, 88].

%-coverage of a library, and the recently introduced Nov metric, which refers
to the first, second, third, or nth best mutant in a given library as a function
of the number of screened transformants [30e, 91]. The calculated minimum
number of screened transformants for, e.g. 95% library coverage, or for finding
the best mutant, serves as a useful guide when deciding on how much effort
to invest in the screening step. The Patrick/Firth approach, as featured in the
computational tool GLUE-IT [30b], has been incorporated into the user-friendly
CASTER computer aid for designing saturation mutagenesis libraries [70b],
available free of charge on the Reetz website (http://www.kofo.mpg.de/en/
research/biocatalysis). These and other computational tools are summarized in
Section 3.3.

When designing saturation mutagenesis libraries, especially for controlling
enzyme stereoselectivity, it is highly recommended to consider reduced amino
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acid alphabets with codon degeneracies other than NNK or NNS. As will be
seen, this has significant advantages [1a]. Constructing proteins with fewer than
the normal 20 canonical amino acids has been reported earlier for different
reasons, which are related to the following questions:

 Did nature use less than 20 canonical amino acids for constructing primordial
proteins before evolving the optimal full number [92a-d]?

» Do proteins constructed with notably reduced amino acid alphabets enable
proper folds [92b, c]?

» Do proteins constructed with notably reduced amino acid alphabets enable
proper folds as well as activity [92d]?

All three questions have been answered affirmatively. For example, a choris-
mate mutase was constructed using a set of nine amino acids, leading to a proper
fold as well as enzyme activity [92d]. Therefore, the generally observed success
when choosing an appropriate reduced amino acid alphabet in saturation muta-
genesis at appropriate sites is not so surprising, but it took some years before it
was applied for the first time with the aim of engineering stereoselective enzymes
in directed evolution [90b].

As the number of amino acid positions in a randomization site increases,
so does the screening effort at all degrees of library coverage. This effect
is illustrated in Table 3.2, which features the case of 95% library coverage
when NNK codon degeneracy (N: adenine/cytosine/guanine/thymine; K:
guanine/thymine) encoding all 20 canonical amino acids is used versus NDT
(D: adenine/guanine/thymine; T: thymine) encoding 12 amino acids which
comprise a fairly balanced mixture of polar/non-polar, charged/non-charged,
and hydrophobic/hydrophilic building blocks (Phe, Leu, Ile, Val, Tyr, His, Asn,
Asp, Cys, Arg, Ser, Gly) [2f, 89, 90]. It can be concluded that saturation mutage-
nesis at a single residue is best performed with NNK codon degeneracy because
screening only a single 96-well plate suffices for 95% library coverage. Practical
differences between NNK and NDT arise when randomizing larger sites. If in
a given project an efficient selection or FACS-based system is available, which
in the case of stereoselectivity is rare (Chapter 2), then there is little reason to
choose NDT codon degeneracy because it generates lower diversity. On the other
hand, if in a given case, such assay systems are unavailable and screening is the
only option, which is the rule, then NDT or even smaller amino acid alphabets
should definitely be considered.

A fundamental question arises from such calculations. If a researcher has
chosen a randomization site, e.g. a 3-residue site, and for practical reasons has
defined an upper limit regarding the number of transformants to be screened,
e.g. 5000, then two options are possible:

« Application of NNK codon degeneracy, which covers only a very small portion
of the respective library, e.g. 15%.
+ Use of NDT codon degeneracy, which ensures 95% library coverage.
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Table 3.2 Oversampling necessary for 95% library coverage as a function of NNK versus
NDT codon degeneracy and the number of amino acid positions in a randomization site.

NNK NDT
Number of amino acid  Codons Transformants needed Codons Transformants needed
positions at one site for 95% library coverage for 95% library coverage
1 32 94 12 34
2 1028 3066 144 430
3 32768 98163 1728 5175
4 >1.0%x10° >3.1x10° >2.0%x10* >6.2x10*
5 >3.3%107 >1.0x10% >2.5%10° >5.5x%x10°
6 >1.0x10° >3.2x10° >2.9x10° >8.9x10°
7 >3.4%x10° >1.0x 10! >3.5%107 >1.1x10%
8 >1.0x10"? >3.3x10"? >4.2%x10% >1.3x10°
9 >3.5%10" >1.0x10" >5.1%10° >1.5%10'°
10 >1.1x10" >3.4x10% >6.1%10° >1.9x 10!

Source: Adapted from Ref. [89].

The question as to which option is optimal and should be chosen was
addressed empirically some time ago [90a]. An NNK- and an NDT-library were
constructed, and 5000 transformants were screened in each case, using an
epoxide hydrolase as the catalyst in the hydrolytic kinetic resolution of a racemic
substrate. This means 15% versus 95% library coverage, respectively. The two
equally sized libraries were checked for quality, meaning the frequency of
improved hits and the degree of improved enantioselectivity. It turned out that
the NDT-library had a distinctly higher quality [90a]. In a recent more detailed
study, a similar conclusion was reached, i.e. it is generally better to strive for
higher library coverage at lower diversity, in contrast to considerably lower cov-
erage at maximum diversity [93]. Nevertheless, when cleverly choosing reduced
amino acid alphabets, less than 95% library coverage may well suffice [94].

A wide variety of reduced amino acid alphabets have been utilized with great
success, ranging from 12 amino acids (NDT or DNT codon degeneracy) to only
one amino acid as a building block (Chapter 4). In conclusion, the use of reduced
amino acid alphabets when using saturation mutagenesis of the CAST-type and
ISM represents a significant advancement in the directed evolution of enzymes
with enhanced or reversed stereo- and regio-selectivity, activity, and substrate
scope [2f, 26, 89, 90, 95]. CAST/ISM has also been applied routinely by the
Arnold group and others in the directed evolution of artificial metalloenzymes
[1b, c, 2d, 96]. Not surprisingly, the concept of reduced amino acid alphabets
can even be applied to evolving thermostability, because in this case it is based
on the rational B-FITTER algorithm [70b] (Chapter 6). The positive results
of applying advanced versions of CAST/ISM by many research groups speak
for themselves. Moreover, the concept of deconvolution of multi-mutational
variants has helped to explain these successes [97]. Cooperative (more than
traditional additive) mutational effects were routinely uncovered when applying
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Figure 3.5 Library coverage calculated for NNK codon degeneracy at sites consisting of
1, 2, 3,4, and 5 amino acid positions (aa = amino acids). Source: Ref. [90a]/John Wiley &
Sons.

this unique technique. One of an increasing number of examples concerns the
deconvolution of multi-mutational variants of an acycltransferase obtained by
ISM and used in the production of valuable pharmaceutical products [98]. A
deeper discussion of the deconvolution technique can be found in Chapter 8.

It is clear that ensuring 95% library coverage (or even more) is not absolutely
necessary in most practical applications, but knowledge of such numbers is use-
ful when designing saturation mutagenesis experiments in a meaningful manner.
For this reason, the numbers computed for the whole range of library cover-
age from 0% to 95% serve as an imminently useful guide. Figures 3.5 and 3.6
depict the situation for NNK versus NDT codon degeneracy, respectively, with
sites containing one, two, three, four, and five amino acid positions being consid-
ered [90a].

Based on the Patrick/Firth algorithm [30a, b], another index of interest to
the experimenter was derived, namely the oversampling factor O; starting from
Eq. (3.2), where T is the number of transformants actually screened, P denotes
the probability that a particular sequence occurs in the library, and F; is the
frequency [2f, 90a]:

T=-In(1-P)/F, (3.2)

Upon substituting for F;, the relationship reduces to Eq. (3.3), where V is the
number of mutants on gene level in a given library:

T=-VIn(1 - P) (3.3)

thereby defining the correlation between the number of mutants V of a given
library and the number of transformants T that need to be screened for a defined
degree of completeness.

This leads to the oversampling factor O;, which defines the degree of over-
sampling necessary for achieving a certain completeness under the assumption
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Figure 3.6 Library coverage calculated for NDT degeneracy at sites consisting of 1, 2, 3, 4,
or 5 amino acid positions. Source: Ref. [90a]/John Wiley & Sons.

of no amino acid bias (Eq. (3.4)) [90a]:
0;=T/V=-In(1-P) (3.4)

When computing the oversampling factor O; as a function of %-coverage, the
curve featured in Figure 3.7 results, spanning the whole range. For example,
when aiming for 95% library coverage, the oversampling factor O; amounts to
about 3, which means that a threefold excess of transformants relative to the the-
oretical number of possible mutants on DNA level needs to be screened.

Researchers preferring the Nov approach, which also assumes the absence of
bias, can use the respective computer aid, TopLib [91c]. The results of a Nov anal-
ysis for sites comprising one, two, three, or four amino acid positions are shown
in Figure 3.8 [91a].

Obviously, there is a correlation between the Patrick/Firth and the Nov metrics,
i.e. between a given %-coverage and the nth best variant, respectively. In order
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Figure 3.7 Correlation between oversampling factor O; and percent library coverage.
Source: Ref. [90a]/John Wiley & Sons.
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age” and of discovering at least one of
the top k protein variants in variant space
as a function of the library size when

randomizing sites comprising one, two,
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case of NNK codon degeneracy. Source:
Adapted from Ref. [91a].

to illustrate this for potential users of these metrics who may prefer one or the
other statistical approach, the graph in Figure 3.9 has been computed [94a].

Whichever saturation mutagenesis method is used, it is absolutely advisable to
routinely apply the Quick Quality Control (QQC) for checking the expected diver-
sity of a mutant library at DNA level [99a], because screening too many plates for
something that does not exist makes no sense. QQC can be performed quickly
by pooling a limited number of transformants, which are then sequenced. Since
the cost of sequences has gone down drastically in recent years, this small invest-
ment may well reduce wasted time and resources. The Stewart method which
generates so-called Q-values [99b], is not as fast as QQC, but has the advantage
of quantitative quality assessment.

In addition to the above advancements, several other molecular biological
modifications have been reported for increasing the quality of saturation
mutagenesis libraries, the goal again being the reduction of amino acid bias and
the elimination of stop codons. Two recent studies deserve particular attention
when randomization with the introduction of all 20 canonical amino acids as
building blocks is aimed for. Traditionally, NNS or NNK codon degeneracy has
been used, but as already seen, library quality may be poor. The Tang-procedure
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dedicated to the construction of “small-intelligent” focused libraries [100a] and
the related “22c-trick” [100b] are well suited to solve these fundamental prob-
lems. The highly effective 22c-trick, generally in conjunction with CAST/ISM,
has been applied routinely, inter alia, in the directed evolution of artificial
metalloenzymes [1a, c]. In the Tang-procedure, a primer mixture is designed so
that exactly one codon occurs per amino acid, assisted by a software tool called
the DC-analyzer. Stop codons and eight rare E. coli are also eliminated. The
Tang mixture is composed of:

« NDT codons encoding 12 amino acids (N, S, I, H, R, L, Y, C, F, D, G, and V).
¢ VMA codons encoding 6 amino acids (E, A, Q, P, K, and T).

+ ATG codon encoding 1 amino acid (M).

« TGG codon encoding 1 amino acid (W).

When applying the “22c-trick,” 22 unique codons encoding the 20 canonical
amino acids are used:

« NDT codons encoding 12 amino acids (N, S, I, H, R, L, Y, C, F, D, G, and V)
* VHG codons encoding 9 amino acids.
« TGG codon encoding 1 amino acid (W).

It can be seen that in the Tang approach, four primers with two degeneracies
(NDT, VMA) and two coding sequences (ATG, TGG) are involved, together
targeting all 20 amino acids while theoretically eliminating all bias. A codon
to amino acid ratio of 20: 20 is ideal. The 22c trick requires two more codons.
Nevertheless, the difference between the two techniques is not great, and both
approaches have advantages and disadvantages [100b]. From a cost perspective,
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which has been analyzed using statistical methods [101], the total number
of primers should be minimized, because this increases with n number of
residues. In the case of the Tang approach, one site requires four equimolar
mixed sense or antisense primers, but this can double to eight depending on the
technique. Along such lines, a notably higher number of primers is required
when considering two or three residues, namely 16 or 64 in the case of sense
or antisense and 32 or 128 sense and antisense separately synthesized primers,
respectively [100b].

In the study describing the “22c-trick”, the screening efforts for NNN, NNK(S),
and 22c were compared when using 2- or 3-residue sites (Figure 3.10). The ben-
efits of the “22c-trick” are evident.

Using a BVMO CHMO as the model enzyme, the QCC [99a] was applied to an
NNK library and the respective 22c-library (Figure 3.11). Here again, the supe-
rior library quality of “22c trick” is obvious [100b].

As will be further documented in Chapter 4 with the help of case studies, the
use of reduced amino acid alphabets in CAST/ISM is the preferred technique for
manipulating stereo- and regio-selectivity as well as activity [15].

Coverage increase at constant screening effort
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Figure 3.10 Screening effort required for
different randomization schemes regard-
ing sites composed of two or three amino

effort). However, if the assumed capacity of
medium-throughput systems is limited to
5000 samples, the library coverage drops

acid residues. The choice of codon degener-
acy dictates the sampling size for a desired
statistical coverage of the library. For a

95% library coverage targeting two amino
acid residues (red lines), 3068 samples
have to be screened in the case of NNK/S,
whereas only 1450 are necessary when
applying the 22c-trick (53% lower screening

to 71% when using NNN degeneracy. Sim-
ilarly, when targeting three amino acid
residues (blue lines) and limiting the sample
size to 5000 colonies or transformants, the
library coverage changes drastically to 38%,
14%, and 2% in the case of the 22c-trick,
NNK/S, and NNN, respectively. Source:

Ref. [100b]/American Chemical Society.
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Rather than utilizing reduced amino acid alphabets, expanded genetic codes
encoding noncanonical amino acids can also be applied in directed evolution
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[102]. In doing so, different strategies are possible:

« Utilize more than 20 amino acids as building blocks in a randomization pro-

cedure.

 Introduce one or more non-natural amino acids at a strategic site and then
use such a mutant as a template for directed evolution employing a designed

reduced amino acid alphabet for saturation mutagenesis.

Expanded genetic codes have already been applied in the generation of artifi-
cial metalloenzymes [102c] and in manipulating the spectral properties of green
fluorescent proteins [102d]. From a practical point of view, notable advantages
still need to be demonstrated, but this may well be a matter of time. Introduc-
ing site-specifically an amino acid having a synthetic side-chain characterized by
a diphosphane or dipyridine moiety, which strongly binds transition metals, en
route to artificial metalloenzymes, offers exciting perspectives. Chapter 7 focuses

on different ways to construct artificial metalloenzymes.
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3.2.5
DNA Shuffling and Related Recombinant Gene Mutagenesis Methods

Methods which cause the breaking and rejoining of DNA in new combinations
are called recombinant techniques [1a]. Numerous embodiments of this general
approach to gene mutagenesis have been developed, the most prominent being
DNA shuffling [103]. Three general versions are possible: (i) single-gene shuf-
fling; (ii) shuffling of a set of mutants generated from a single gene, as illustrated
in Scheme 1.8, or (iii) family shuffling using two or more homologous enzymes.
In summary, genes are digested with DNase to generate random double-stranded
oligonucleotide fragments of 10-50 base pairs, which are then PCR-amplified
and purified from agarose gel. Reassembly by a DNA polymerase is achieved in
a primerless PCR, followed by amplification in a second PCR employing a pair
of flanking primers, leading to full-length mutant genes. In this way, the desired
crossovers with the formation of mutations are achieved. An experimental com-
parison has shown that family shuffling ensures dramatically higher diversity
than single-gene DNA shuffling (Figure 3.12) [103b]. In fact, single-gene shuf-
fling provides libraries with >97% identical enzymes.

DNA shuffling is a multi-step process, which is fairly easy to perform, but such
issues as optimization, limitations, and potential pitfalls should be considered.
For best performance, several variables need to be optimized, including frag-
ment size for controlling the frequency of crossovers [103], temperature cycle
during reassembly, amount of assembly, and the number of cycles in amplifi-
cation [17, 103]. Thus, some experience is necessary for optimal performance. In
the case of family shuffling, homology should amount to >70% for acceptable
library quality; self-hybridization with the formation of WT enzymes should also
be minimized [103]. Point mutations may occur during the PCR step, which are
difficult to distinguish from the “normal” crossover shuffling mutations. In prin-
ciple, it should be possible to increase “additional” point mutations by using
high concentrations of MnCl,, if so desired, but usually the opposite is strived

Single sequence shuffling Sequence family shuffling
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Figure 3.12 Searching sequence space by single-gene shuffling versus family shuffling.
Source: Ref. [103b]/Springer Nature.
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for. Whichever form of DNA shuffling is chosen, researchers should be aware that
amino acid bias probably exists in the formation of mutant libraries, caused by the
necessity to apply several PCR steps. Oddly enough, this has not been a concern in
the scientific community.

In an interesting variation of DNA shuffling, designed synthetic nucleotides
in a type of saturation mutagenesis are added during the reassembly process,
which Stemmer dubbed Combinatorial Multiple-Cassette Mutagenesis (CMCM)
[103c]. It was successfully applied in the directed evolution of stereoselective
mutants of the PAL (for details see Schemes 1.9 and 1.10, and Chapter 4) [33].
In order to assess crossover efficiency and to improve DNA shuffling, probe
hybridization in macroarray format was developed, which allows the analysis
of chimeric DNA libraries [30a]. This procedure also reveals any bias that may
occur in shuffling experiments. Algorithms for estimating diversity and library
completeness in DNA shuffling have also been developed [104], although most
researchers choosing DNA shuffling ignore this possibility.

Studies focused on improving DNA shuffling protocols have been summa-
rized in several reviews [17] and detailed experimental procedures are available
[104]. An improved version of family shuffling using single-stranded DNA
(ssDNA) has also been reported in which the gene is cleaved by restriction
enzymes instead of DNase I [105]. Accordingly, single-stranded DNA templates
in place of double-stranded templates are employed in the DNase I fragmen-
tation. ssDNA templates reduce the probability of homo-duplex formation,
thereby increasing the quality of DNA shuffling libraries as demonstrated in a
comparative study using dsDNA versus ssDNA templates [105c]. In a more com-
prehensive comparative study, which includes practical experimental protocols,
“restriction enzyme-mediated” family shuffling was shown to be superior [106].
A recent example of using only DNA shuffling without the support of saturation
mutagenesis or epPCR concerns the enhancement of activity of a laccase [107].
In another rare example, glutathione transferases (GST) from plants Phaseolus
vulgaris and Glycine max were engineered by employing directed evolution
through DNA shuffling without the further assistance of epPCR or saturation
mutagenesis (Figure 3.13). The generated chimeral GST enzyme (PvGmGSTUG)
displayed enhanced glutathione hydroperoxidase activity and displayed unusual
cooperative kinetics toward 1-chloro-2,4-dinitrochlorobenzene, which is not its
natural substrate [108].

The potential use of DNA shuffling can be guided by typical experimental pro-
tocols available in the literature [105107]. Alternatively, several bio-companies
offer commercial DNA Kits, e.g. PickMutant DNA Shuffling Kit (Canvax/Spain)
or JBS DNA-Shuffling Kit (Jena Bioscience/Germany).

In yet another shuffling approach, the staggered extension process (StEP)
was developed based on cross hybridization of growing gene fragments as the
DNA polymerase-catalyzed primer extension process occurs [109]. Following
denaturation, the primers anneal and extend under conditions that limit exten-
sion, which ensures that the primers reanneal to different parent sequences
throughout the multiple cycles randomly. Then the recombinant full-length
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Figure 3.13 Workflow of the directed evolution of the enzyme PvGmGSTUG via DNA shuf-
fling. Source: Ref. [108]/from Frontiers Media S.A., CC BY 4.0.

gene products are PCR amplified. This approach has not been used by many
groups.

In addition to these variations, a number of improved recombinant procedures
were reported early on that focused on various issues such as the problem of
low homology. These include random chimeragenesis on transient templates
(RACHITT) [110], degenerate oligonucleotide gene shuffling (DOGS) [111]
in comparison with random drift mutagenesis (RNDM) [112], degenerate
incremental truncation for the creation of hybrid enzymes (ITCHY) [113],
Thio-ITCHY [114], SCRATCHY (a combination of ITCHY and DNA shuffling)
[115], sequence homology-independent protein recombination (SHIPREC)
[116], sequence-independent site-directed chimeragenesis (SISDC) [117], recom-
bined extension on truncated templates (RETT) [118], recombination-dependent
exponential amplification polymerase chain reaction (RDA-PCR) [119], and
structure-based combinatorial protein engineering (SCOPE) [120]. It should
be mentioned that most of these techniques have not been used very often
following their initial publication.

Another recombinant method is “biased mutation-assembly,” according to
which a library is created by overlap extension PCR with DNA fragments from a
WT protein and phenotypically advantageous mutant genes [121]. The number
of assembled mutations in the WT gene is controlled stochastically by the mixing
ratio of the WT fragments to the mutant DNA fragments (Scheme 3.10).

Adding designed synthetic oligonucleotides to a mixture of gene fragments
prior to reassembly as a form of semisynthetic DNA shuffling is a more or
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less routine technique, as for example, in the engineering of the biosynthetic
pathway of the natural product Avermectin for pharmaceutical production [122].
It is reminiscent of the Stemmer-method of CMCM [103c], as discussed above.
This interesting method was later extended and dubbed “incorporating synthetic
oligonucleotides via gene reassembly” (ISOR) [123], in which insertions and
deletions may occur (see Section 3.2.3).

Hundreds of DNA shuffling patents were applied for or issued early on, which
made collaborative efforts between academic and industrial groups difficult. An
interesting alternative to DNA gene shuffling is “artificial shuffling,” a process,
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which starts not by fragmenting genes but by assembling DNA fragments
previously designed and generated by other means. Sequence information is
often used as a guide. Three independent studies initiated this new approach,
which tolerates fairly low homology and minimizes undesired self-hybridization
of parental genes (low WT-appearance in the mutant libraries) [124-126]. In one
efficient embodiment called “Assembly of Designed Oligonucleotides” (ADO),
two strategies for linking fragments are possible (Scheme 3.11) [126, 127].
A review of various assembly methods, including the Gibson technique [128],
appeared in 2015 [129].

Case |

Gene A e T i
Case Il

e 3 e

X
ttt

Scheme 3.11 General concept of ADO with
two strategies for the linking of fragments
being possible (cases | and Il). In case |, the
two genes A and B to be virtually shuffled
are aligned; the different colored stars refer
to information that encodes different amino
acids, while oligonucleotide fragments with
both colored stars in the same position

of the parent gene denote the synthetic

oligonucleotide fragment with degener-
ate nucleotides. The gray blocks denote
conserved regions of sequence that can be
used as the linking parts with homologous
recombination. Case Il shows no homol-
ogy between flanking oligos, which can be
assembled by ligation between ssDNA and
an unknown terminal sequence. Source:
Ref. [126]/John Wiley & Sons.

Thus far, optimized ADO has not been applied very often in directed evolution
projects [130], but with the rapid development of optimized saturation mutagen-
esis [1a], a combination of both methods could offer new perspectives. Moreover,
the gene assembly step in ADO offers many possibilities as a tool in synthetic biol-
ogy for creating high-quality DNA libraries [126]. The benefits and limitations of
ADO as a gene assembly method can be summarized as follows [127]:

+ Fast library construction within hours by changing the primer composition.

« Useful for introducing diversity not just in enzyme-coding genes, but especially
when manipulating metabolic pathways and even genomes.

+ Rational engineering is possible by controlling the mutagenesis sites.



94

3 Gene Mutagenesis Methods in Directed Evolution and Rational Enzyme Design

« Initial costs may be formidable, but it pays off if many libraries are planned.

+ Contiguous codons may increase costs if there are no degenerate codons.

« Depending upon the particular system, repetitive sequences may be difficult
to assemble without errors.

Finally, DNA shuffling has been applied successfully in areas beyond enzymes
as active and selective biocatalysts. Examples are evolving adeno-associated
viruses as synthetic delivery vectors [131], generating a bacteriocin gallocin D
with activity against vancomycin [132], detecting the relationships between
synonymous mutations and RNA toxicity [133], investigating the key residues
responsible for gene transplantation [134], and others.

3.2.6
Circular Mutation and Other Domain Swapping Techniques

The mutagenesis methods discussed thus far all involve random or focused
amino acid substitutions. A different possibility is protein engineering by cir-
cular permutation, meaning the creation of a different order in the protein
sequence in the absence of point mutations [135, 136]. This idea was inspired
by the structure and function of circularly permutated proteins known to occur
in nature, of which more than 2000 have been identified. Circular permutation
was discussed as early as 1979 [136]. Two steps are required: (i) covalent linkage
of the native N- and C-termini by means of a short and flexible peptide linker,
followed by (ii) cleavage of an existing peptide bond, the end result being a shift
of the termini elsewhere. Thus, the primary sequence has been rearranged by
means of termini relocation.

As a protein engineering technique for evolving improved catalytic profiles, it
entered the stage much later [135, 137]. In a model system, the effect of relocat-
ing the termini of the lipase from Candida antarctica B(CALB) was investigated
[135, 138]. The new locations of the N- and C-termini were designed to occur at
positions 283 and 282 of WT CALB, respectively, in the hope of influencing local
backbone flexibility and possibly active site accessibility. In transesterification
reactions using model compounds and vegetable oil, one variant (cp283) showed
improved catalyst performance in terms of activity relative to WT [138b] Using
the best variants, the effect of circular permutation on enantioselectivity was
also investigated using several chiral substrates [138b]. Stereoselectivity was not
compromised, and in some cases, slight improvements were actually observed.
Thus, it seems that circular permutation is not readily suited as a directed evolu-
tion method for enhancing or inverting stereoselectivity. Combining the method
with loop truncation near the active site may lead to a different picture. This
multi-step process was tested with CALB (Scheme 3.12), leading to a change
in the enzyme quaternary structure, and shifting from a monomeric form to
a dimer with domain-swapped N-terminal segment. This structurally induced
enhanced hydrolytic lipase activity, but the effect on enantioselectivity was not
reported [138e].
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Scheme 3.12 Schematic overview of CALB engineering by circular permutation and subse-
quent incremental truncation of the newly created surface loop in cp283, the most active
variant among the lipase permutants. Source: Adapted from Ref. [138e].

In a comprehensive study appearing in 2015, the following drawbacks of
conventional circular permutation as a gene mutagenesis method for creating
libraries of variants were noted [139]: (i) undesired sequence modification at the
new termini of circular permutants; (ii) either relatively inefficient blunt-end
ligation during library construction or redesign of transposons for optimal
expression are required. Consequently, an engineered transposon for efficient
generation of random circular permutation libraries was developed [139]. The
method enables the use of sticky-end ligation and possible external tunability
for the expression of circular permutants. These improvements are significant
and go beyond earlier modifications [138], as delineated by the researchers of
this study [140].

In summary, traditional circular permutation has been used effectively for
more than two decades, mostly in the study of the structure and function of
proteins, but its adaptation as a gene mutagenesis method in directed evolution
was not realized until much later. Thus far, its role in laboratory evolution
in biotechnology has been limited, the reliable control of such parameters as
activity, stereoselectivity, regioselectivity, and thermostability being difficult
relative to the use of other gene mutagenesis methods, especially saturation
mutagenesis (Section 3.2.4). With the potential emergence of increased pre-
dictive power when applying circular permutation in order to change a given
catalytic parameter, the method may play a greater role in future directed
evolution studies.

Domain swapping (including 3D domain swapping) is the more general
approach, as evidenced by a number of studies which traditionally focused
mainly on questions regarding natural evolution as well as structural and
mechanistic aspects of protein science [141]. The technique has also been
used to generate hybrid enzymes characterized by novel catalytic profiles.
Progress until 2000 was summarized in a review article [142]. Incremental
truncation has been included [114]. Since then, further studies have appeared
concerning fundamental questions in evolutionary biology but also aimed at
metabolic engineering, where the method is sometimes combined with other
mutagenesis techniques such as epPCR or saturation mutagenesis [143a-i].
Structure-inspired subdomain exchanges have also been applied to the directed
evolution of enantioselective BVMOs [143j]. Nevertheless, it is not clear whether
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both enhancement and reversal of enantioselectivity in BVMOs can be evolved
reliably using such domain swapping. Notwithstanding these important contri-
butions, it remains to be seen whether domain swapping can be developed into a
general and efficient method for creating useful enzymes as catalysts in organic
chemistry and biotechnology. Recently, a domain-swapping-based trimerization
strategy was utilized to enhance the thermal stability and bestow metal binding
ability [143k].

3.2.7
Solid-Phase Combinatorial Gene Synthesis as a PCR-Independent Mutagenesis Method
for Mutant Library Creation

3.2.7.1 Introductory Remarks

A number of biotech companies offer the commercial production of chemically
synthesized genes and even synthetic saturation mutagenesis libraries, although
the latter are still somewhat expensive. What are the potential advantages of
such an expenditure relative to applying conventional saturation mutagenesis
in one’s own laboratory? As already emphasized, despite the general success of
the CAST/ISM approach, it is characterized by some degree of amino acid bias
(as other PCR-based mutagenesis methods such as epPCR) [1a]. This means that
it is not at all certain whether all of the designed mutants will actually appear
in the respective saturation mutagenesis libraries. Moreover, many colonies har-
boring WT will also be present, which likewise reduces library quality. Finally,
undesired insertions and deletions are also likely to occur. Amino acid bias leads
to a reduced quality of mutant libraries and thus “wasted” screening effort has
several origins [48], including:

» The degeneracy of the genetic code causes favored and disfavored amino acid
exchange events, depending upon the particular amino acid.

« The PCR steps in a typical saturation mutagenesis experiment involve ampli-
fication, and these processes are imperfect and thus prevent some designed
amino acid exchanges from occurring, in addition to causing unplanned inser-
tions and deletions.

+ Imperfect annealing temperatures may cause similar problems.

 Imperfect quality of primers used in library construction also lead to bias.

A seminal development in directed evolution is highlighted below, which
promises to change the whole research area, namely the optimal utilization of
solid-phase combinatorial gene synthesis. Two major types of chemical gene
syntheses have been developed earlier for various purposes: polymerase cycling
assembly (PCA)-dependent and PCA-independent approaches. Both methods
involve recursive cycles of traditional phosphoramidite chemistry comprising
base deprotection, coupling, capping, and oxidation, but PCA uses PCR [144].
These gene synthesis methods play a central role in synthetic biology and
biotechnology in general, especially in the manipulation of proteins, metabolic
pathways, and entire genomes [145]. PCA-dependent methods involve, inter



3.2 Directed Evolution Approaches

alia, PCR-extension, which has some disadvantages as summarized in a review
on gene synthesis [146]. PCA-independent techniques utilize the synthesis of
oligonucleotides on solid supports followed by assembly catalyzed by enzymes
involved in DNA repair and/or ligation rather than polymerases [146]. In this
respect, DNA microarrays have been developed, allowing the high-throughput
synthesis of defined sequences [146, 147]. Most of these advancements utilize
Agilent technology [148]. Unfortunately, these microarray techniques limit
the size of fragments to about 200 bases. Two other early approaches likewise
deserve mention: the so-called Blue Heron solid support technology [149] and
the Sloning building block technique [150], which was exploited in order to
create high-quality saturation mutagenesis libraries [94a]. Most recently, the
Twist Platform was demonstrated to be the best approach currently to utilize
solid-state gene synthesis as a means to eliminate amino acid bias in saturation
mutagenesis [48, 151].

3.2.7.2 The Sloning Approach to Solid-Phase Gene Synthesis of a Mutant Library:
Comparison with the Respective Molecular Biological Saturation Mutagenesis Library
The Sloning procedure is based on solid phases with bound biotin-modified
oligonucleotides. In order to generate a defined gene sequence, a certain
number of chemically synthesized building blocks (“splinkers”) that contain
self-complementary regions are ligated to the anchor, immobilized, washed,
and cleaved with the formation of sub-fragments of 18 base pairs in each cycle.
Full-length or large gene fragments are thus accessible in a fully automated
manner. Sloning libraries have been prepared in order to incorporate the
non-natural amino acid O-methyl-L-tyrosine in proteins [152] and engineer
binding affinity in anticalins [153] and in antibodies [154].

The previously studied selective oxidative hydroxylation of testosterone [155]
served as the model reaction in a Sloning study aimed at controlling regio-
and stereo-selectivity of oxidative hydroxylation of steroids using cytochrome
P450-BM3 [48, 94a] (Figure 3.14a). The purpose was to compare the quality of sat-
uration mutagenesis libraries generated by the conventional molecular biological
technique with that of the synthetic Sloning libraries. Three CAST libraries were
designed at Site A (R47/T49/Y51), B (V78/A82), and C (M185/L188) lining or
near the binding pocket (Figure 3.14b). The goal was to compare the traditional
PCR-based saturation mutagenesis libraries with the respective Sloning libraries.
Sites A and C were randomized conventionally using NDC codon degeneracy
encoding 12 amino acids (R, D, N, C, G, H, I, L, S, V, F, and Y) (Figure 3.14c).
In the Sloning experiments, the codon choice for the same 12 amino acids
differed only in the last nucleotide of 5 codons due to a codon optimization
algorithm for E. coli (Figure 3.14d). The randomization scheme for library B
includes all 20 canonical amino acids, which in the case of PCR-based saturation
mutagenesis is covered by NNK codon degeneracy. It encodes 32 defined codons,
including one stop codon, but shows redundancy for amino acids A, G, P, T, V
and R, L, S with two and three codons, respectively. In contrast, Sloning gene syn-
thesis does not involve degenerate codons, which means that full randomization
is ensured with a non-redundant set of 20 codons (Figure 3.14d) [48, 94a].
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Figure 3.14 Model reaction and library
design for comparing traditional PCR-based
saturation mutagenesis libraries with Slone
libraries [48, 94a). (a) Testosterone hydrox-
ylation by P450BM3 mutants. (b) Active site
of P4A50BM3 mutant F87A. The three CAST
sites and the F87A residue are highlighted.
The structure was modeled by docking com-
putations using the Schrodinger software
and the picture was created with PyMol.
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P450BM3-F87A libraries used in this study.
Library A consists of three simultaneously
randomized positions, whereas library B and
C consist of two. PCR-based libraries use
either the nonredundant NDC codon (library
A+ C) or the redundant NNK codon (library
B). (d) Sloning-based libraries encode the
same set of amino acids using the displayed
codon usages. Gray codons are present in
both designs. Source: Ref. [94a]/American
Chemical Society.

All three PCR-based libraries were generated by the improved MegaPrimer
PCR protocol (Scheme 3.7) [75]. Upon adjusting the annealing temperature and
increasing the number of amplification cycles, libraries with sufficient numbers
of colonies per transformation (more than 10 000) were obtained. Following pool-
ing [99a] and plasmid extraction, sequencing was performed. As judged by the
QQC [99a], acceptable quality was observed [94a]. All of the designed libraries
were obtained commercially (MorphoSys, Munich, Germany). Gene fragments of
683 base pairs (954 bp with flanking sequences) were cloned into the target plas-
mid, followed by transformation, leading to: 5000 clones for library A (A-SLO),
11 000 clones for library B (B-SLO), and 5000 clones for library C (C-SLO). All
libraries were transformed into E. coli BL21-Gold (DE3). Library screening was
carried out using automated HPLC. Following random sequencing, statistical
analyses were performed [94a]. The screening results proved to be encouraging.
This study showed for the first time that the quality of designed DNA libraries
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produced by solid-phase synthesis, specifically of the synthetic Sloning libraries
atthe DNA and subsequently at the protein level, is higher than that of the respec-
tive conventional PCR-based saturation mutagenesis libraries. This correlates
with less screening. However, the weakness of this study was the failure to perform
a sufficiently high degree of gene sequencing and oversampling, needed for a more
quantitative statistical analysis [48, 94al.

3.2.7.3 The Twist Approach to Solid-Phase Gene Synthesis of a Mutant Library:
Comparison with Molecular Biological Saturation Mutagenesis Library

When attempting to exploit solid-phase gene synthesis as a means to produce the
highest-quality saturation mutagenesis libraries with minimal amino acid bias,
the Twist procedure proved to be distinctly more successful [48, 151]. It utilizes
the so-called Twist-Platform, offered commercially by Twist Bioscience [156].
The proprietary technology is based on DNA synthesis that occurs on silicon
chips in minute amounts, enabling the synthesis of at least 100 000 unique vari-
ant oligonucleotide sequences. These are extracted from the respective plates,
and then equimolar primers are mixed and assembled into a full-length gene
by overlap extension PCR, ready to be cloned. Finally, this leads to the desired
variants as designed by the customer (Figure 3.15) [48, 151].

In this study, limonene epoxide hydrolase (LEH) from Rhodococcus erythro-
polis was used as the enzyme, and the stereoselective desymmetrization of
cyclohexene oxide (1) served as the model reaction (Figure 3.16) [151]. The
DNAs were synthesized with flanking sequences containing restriction enzyme
sites (Ndel and HindIII), which were ligated into the digested plasmid pET22b
with corresponding restriction enzymes. The resulting plasmids having LEH
gene mutants were then transformed into E. coli BL21(DE3). In order to identify
the degree of fidelity and to check whether uniform incorporation of planned
diversity had occurred, the colonies were harvested, followed by DNA sequencing.
Screening at the protein level was carried out by GC, which allowed conversion
and determination of the relative amounts of the enantiomeric (R,R)- and
(S,S)-products.

In order to construct a “model library,” an LEH site composed of four CAST
residues (Met78, 11e80, Leu114, and Ile116) was subjected to randomization using
a highly reduced amino acid alphabet comprising valine, phenylalanine, and
tyrosine (V-F-Y). The principle of such Triple Code Saturation Mutagenesis
(TCSM) [157] is discussed in Chapter 4, but for the purpose of the present study,
this particular choice plays no role. Theoretically, the library generated by con-
ventional PCR-based saturation mutagenesis and the Twist counterpart should
both harbor 256 different mutants, at DNA as well as protein level. Massive DNA
sequencing with oversampling factors (OFs) of 1, 2, and 3 was performed for
comparison. Statistically, the results are most meaningful in the case of OF = 3
[48,151]. The data in Table 3.3 and Figure 3.17 allowed for several unambiguous
conclusions, including the assessment of genetic diversity, which was defined as
the observed ratio of the number of mutants obtained after sequencing to the
number of theoretically expected mutants (in the present case 256). It can be
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Figure 3.15 Combinatorial mutant library fabrication via the Twist system. Source:
Ref. [151]/John Wiley & Sons.
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Figure 3.16 LEH-catalyzed hydrolytic desymmetrization of prochiral cyclohexene oxide (1).
Source: Ref. [151]/John Wiley & Sons.

seen that at OF = 3, the library generated by conventional saturation mutage-
nesis contains only 144 of the expected 256 mutants, corresponding to a mere
56.3% genetic diversity. In sharp contrast, the Twist library was found to harbor
249 of the 256 theoretically possible mutants, which means that a genetic diversity
of 97.3% was achieved! Furthermore, the number of variants characterized by an
incomplete sequence was more than twice as high as in the PCR-based saturation
mutagenesis library. The Twist library also contained distinctly more undesired
WT members, e.g. 11 versus 4 at an OF of 3. Therefore, the consequence of effi-
cient synthetic gene library production is: “You get what you designed”!
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Table 3.3 Comparison of PCR-based SM library with the on-chip gene synthesis library on
DNA Llevel.

Oversampling No. of Libraries No. of No. of mutants No. of WT Genetic
factor colonies different  with incomplete diversity
sequenced mutants found  sequence? (%)P
1 276 PCR-based 109 36 4 42.5
SM-library
276 Silicon-based gene 164 18 2 64.1
synthesis library
2 552 PCR-based 135 88 8 52.7
SM-library
552 Silicon-based gene 218 47 2 85.2
synthesis library
3 828 PCR-based 144 130 11 56.3
SM-library
828 Silicon-based gene 249 65 4 97.3
synthesis library

a) Number of colonies containing deletions/insertions or those in which sequencing was not
possible for various reasons.

b) Ration of the number of mutants obtained after sequencing to the number of theoretically
possible mutants expected (256 mutants) expressed in percentage.

Source: Ref. [151]/John Wiley & Sons.
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Figure 3.17 Comparison of the Twist-based library (blue) and the conversional PCR-based
library (red) in genetic diversity (a) and the wild-type numbers (b). Source: Ref. [151]/John
Wiley & Sons.

A different, although somewhat crude way to assess library quality is to
analyze the percentage distribution of different residues at all targeted positions,
in the present case at the four positions 78, 80, 114, and 116 (Figure 3.18)
[48, 151]. In the PCR-based saturation mutagenesis library, the appearance
frequency of different residues at each position of the mutants was found to vary
considerably, and the parent amino acid at each position correlates with the
highest appearance frequency (Figure 3.17a). This indicates suboptimal library
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Figure 3.18 Percentage distribution of synthesis library. An oversampling factor

different residues at positions 78, 80, of 3 was employed in both cases. Source:

114, and 116 of LEH for (a) combinatorial Ref. [151]/John Wiley & Sons.
PCR-based SM library and (b) on-chip gene

quality. In contrast, a nearly perfect pattern was observed upon analyzing the
Twist library (Figure 3.17b).

Although not directly relevant to the purpose of the Twist study, the two
libraries were also compared at the protein level by screening for enantioselec-
tive variants as catalysts in the desymmetrization of cyclohexene oxide (1) with
the formation of (R,R)- and (S,S)-2 (Figure 3.16) [151]. Both libraries contained
enantioselective hits, as expected on the basis of the CAST design, but the
synthetic Twist library was found to harbor a number of highly enantioselective
variants that were not discovered in the conventional saturation mutagenesis
library. If the prices of commercial mutant libraries continue to tumble, researchers
may be advised to spend more of their time optimizing the actual library design,
which will consequently correlate with less screening in the laboratory.

Asalready indicated, this study [151] has important ramifications for the future
of directed evolution, as emphasized in a review [48]. When researchers design,
generate, and screen a saturation mutagenesis library conventionally, they can
no longer be sure that all of the planned variants have in fact been formed. The
screening results at protein level may be acceptable, but it is likely that consider-
ably better results were lost. This conclusion is supported in Section 4.5.

3.2.8
Computational Tools and the Role of Machine Learning (ML) in Directed Evolution
and Rational Enzyme Design

3.2.8.1 Introductory Remarks

Achieving maximum efficiency in directed evolution not only requires the use of
advanced mutagenesis methods but also guidance by appropriate computational
tools which accompany the experimental work [158]. Depending upon the
specific goal of a directed evolution project, different types of computational
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methods and computer aids are available. Two types of tools have been devel-
oped, those that concentrate on the optimal use of degenerate codons, library
size, and degree of oversampling; and those that analyze protein structures in
the quest to identify functionally important residues (hot spots) that can then
be varied by site-specific mutagenesis or focused randomization via saturation
mutagenesis. It is important to note that essentially the same tools are currently
used in rational enzyme design (Section 3.3). See also Chapter 4 for additional
details. A number into investigations of rational design for enhancing protein
stability have continued to appear, sometimes in combination with semi-rational
methods. These will not be reviewed here because protein stabilization is treated
in Chapter 6.

Today, a number of de novo protein design algorithms are available for a vari-
ety of applications, the Rosetta computer package [159] and the HotSpot Wizard
and related algorithms [160] being two particularly prominent examples, which
were recently extended to include machine learning (ML)/deep learning (DL)
techniques. Rosetta involves a multi-step computational procedure based on:

« Protein structure prediction.

« Quantum mechanical (QM) energy refinement.

» Sequence design.

+ Additional guidance in decision making by ML/DL and other techniques.

3.2.8.2 Designing Mutant Libraries and Estimating Library Completeness

When rationally designing small libraries (collections of mutants) and estimating
completeness as a function of oversampling, several metrics are available (which
can also be used in semi-rational directed evolution), including:

¢ GLUE and GLUE-IT (GLUE-Including Translation) [30a, b] (http://guinevere
.otago.ac.nz/cgi-bin/aef/glue-IT.pl)

« CASTER [70b] (http://www.kofo.mpg.de/en/research/biocatalysis)

TopLib [91c] (http://stat.haifa.ac.il/~yuval/toplib)

« SwiftLib (Swift Library) [161] (http://rosettadesign.med.unc.edu/SwiftLib)

« DYNAMCC_D [162] (http://www.dynamcc.com/dynamcc_d)

The CASTER is a user-friendly computer aid, which is based on the
Patrick/Firth metric GLUE, but it also provides the user with a great deal of
additional helpful information such as electronic and steric properties of amino
acids, the genetic code, and other useful tips for fast guidance [70b]. In contrast
to SwiftLib, it does not tell the user which degenerate codons to use. In the
case of the second type of computational tools, several programs are available,
which help in identifying and evaluating residues at the protein level that could
influence catalytic properties, these hot spots then being positions at which
rational site-specific mutagenesis (or saturation mutagenesis) can be attempted.
Typical software packages are listed below:

+ HotSpot Wizard [163] (http://loschmidt.chemi.muni.cz/hotspotwizard)
« CASTp (Computed Atlas of Surface Topography of proteins) [164] (http://cast
.engr.uic.edu)
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« 3DM (3D Molecular class-specific information systems) [165] (http://3dmcsis

.systemsbiology.nl)

ConsSurf (Conservation Surface mapping) [166] (http://consurf.tau.ac.il)

« MBLOSUM (Mutagenesis Blosum) [167] (http://apps.cbu.uib.no./mblosum)

Scorecons (Score residue conservation) [168] (www.ebi.ac.uk/thornton-srv/

databases/cgi-bin/valdar/scorecons_server.pl)

FamClash (Family sequence residue-residue clashes) [169]

+ SIRCH (Second-order mean-field Identification of Residue-residue Clashes in
protein Hybrids) [170]

« IPRO (Iterative Protein Redesign and Optimization) [171]

 CorNet (Correlated mutation analyses Network) [172a, b]

« ANT (Ambiguous Nucleotide Tool) [172c]

Funclib [173] (https://funclib.weizmann.ac.il/bin/steps)

Flex_ddG [174]

Cartesian_ddG [175]

« dTERMen (design with tertiary motifs energies) [176]

When aiming for enhanced protein thermostability (Chapter 6) and or activity,
the versatile HotSpot Wizard can be used in addition to the following computa-
tional guides:

« B-FITTER [70b] (http://www.kofo.mpg.de/en/research/biocatalysis)

« CUPSAT (Cologne University Protein Stability Analysis Tool) [177] (http://
cupsat.tu-bs.de)

CAVER [178] (http://www.caver.cz)

« FOLDEF (Fold-X Energy Function) [179] (http://foldx.crg.es)

PoPMusSiC [180] (http://babylone.ulb.ac.be/popmusic)

« FRESCO (Framework for Rapid Enzyme Stabilization by Computational
libraries) [181]

FireProt [182]

« PROSS (Protein Repair One Stop Shop) (http://pross.weizmann.ac.il) [183]

The optimal choice of a computational tool depends upon the particular prob-
lem at hand. Other computational tools for different purposes, such as identifying
binding sites in proteins, have been reviewed [184].

Several other approaches are presented here in more detail, one of them being
SCHEMA [185]. It is a structure-guided method utilizing recombinant processes
(Scheme 3.13). Blocks of sequences are first identified that minimize structural
disruption when recombination with the formation of chimeric proteins occurs.
Pairs of interacting residues within 4.5 A of each other are identified, which are
then utilized as a basis for constructing contact matrices. The program includes
an optimization algorithm that selects optimal crossovers that minimize the aver-
age disruption of the library. All interactions that break upon recombination
contribute to a disruption score, which is used in designing shuffling experi-
ments. In order to compute the average disruption, high-resolution structural
data of at least one of the proteins is required. SCHEMA has been applied to
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P450 monooxygenases [185a], 3-lactamases [185b], and cellulases [185c], all by
the Arnold group. A type of hybrid between FamClash and SCHEMA has been
claimed to be particularly efficient [186].
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Scheme 3.13 SCHEMA disruption based (a) Disruptions in a simplified model;
upon a contact matrix representing inter- (b) Contact matrix to be adjusted for the
actions between amino acids in the sequence identity of the parent enzymes.
three-dimensional structure of a protein Source: Ref. [185]/John Wiley & Sons.

(illustrated here with a simplified model).

In analogy to quantitative structure—activity relationships (QSARs) used in
therapeutic drug discovery, an algorithm based on protein sequence-activity
relationships (ProSAR) has been developed by an industrial group for application
in directed evolution [187]. As each evolutionary cycle is traversed, information
from sequence-activity data is utilized. The best mutant is then used as a template
for programming diversity in the subsequent round by inferring the contribu-
tions of mutational effects on the catalytic profile of the enzyme (Scheme 3.14).
At any point, about 50 mutations as variables are evaluated in the combinatorial
libraries, and the hits as well as some less improved mutants are sequenced. As
part of the ProSAR analysis, mutations are assigned to four classes: (i) beneficial,
which are fixed in the population in the next round; (ii) potentially beneficial,
which are sent back for retesting; (iii) deleterious, which are discarded; and
(iv) neutral, which are also discarded. Diversity, in addition to shuffling, needs
to be increased by applying other mutagenesis methods such as rational design
or saturation mutagenesis. ProSAR has been applied in the directed evolution
of several enzymes, with activity and stereoselectivity being the catalytic
parameters of interest. Examples include a halohydrin dehalogenase as the
catalyst in the production of the cholesterol-lowering drug Lipitor [187] and a
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transaminase in the production of the anti-diabetic drug Sitagliptin [188]. The
latter study utilizes, inter alia, ISM (see Scheme 3.9 and Chapter 4).

Homology ' Other
Random g Ratlonal

mutagenesis

Saturation @ ®
mutagenesis
g o

Beneficial

Potentially beneficial
(try again)

U = Library (&)

Scheme 3.14 Formal representation of ProSAR. Source: Adapted from Refs. [187, 188].

Since stereoselectivity stands at the heart of modern organic and pharma-
ceutical chemistry, it was of acute interest to test other approaches, especially
those that actively utilize ML and DL as forms of Artificial Intelligence (AI).
A seminal study regarding these techniques is based on the Adaptive Substituent
Reordering Algorithm (ASRA) [189], specifically as a means to predict stere-
oselectivity improvements when applying ISM at sites lining the enzyme
binding pocket [190]. It was tested computationally and experimentally in the
enhancement of enantioselectivity of the epoxide hydrolase from Aspergillus
niger (ANEH) as the catalyst in the hydrolytic kinetic resolution of a chiral
epoxide. Two substitution positions, inter alia, were chosen as mutation targets,
and each amino acid at every position was assigned a random distinct integer
between 1 and 20, with the total number of possible mutants being 400 in this
case. In step 1, a small subset of the 400 mutants containing substitutions in
both positions were synthesized and their respective enantioselectivity (E-value)
measured (Scheme 3.15). Due to the random integer assignment, the initial
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selectivity landscape is irregular and provides no predictive power. In step 2, the
optimal integer assignment for each amino acid at each position was identified
so that the property landscape is as regular as possible. It should be noted that
when an amino acid at position 1 (or position 2) “moves,” meaning that its
integer assignment is changed from a certain value to another, all 20 amino acids
at the other position will move along with it in order to maintain consistent
indexing. In step 3, the location of the best mutants was predicted based on the
geometric features of the reordered selectivity landscape. For example, the circle
should be a desired area because of the monotonic landscape geometry. The
identified mutants are relevant in the next ISM round (return to step 1) [190].

More sampling

Step (1)

Position 1

Position 1

[ * Reorder

l.i_d ',.v H

i Enzyme
: S

Position 2 :

No

Satisfactory
result?

Position 1 Desired mutants

Scheme 3.15 Steps when applying ASRA to directed evolution. Source: Ref. [190]/John
Wiley & Sons.

A typical result of reordering is shown in Figure 3.19. When applying ASRA, no
assumptions regarding linearity, additivity, or any structure—property relation-
ship are made. Rather, the algorithm allows the identification of the underlying
regularity of the protein-property landscape, in the present case, stereoselectiv-
ity. Mutants with new sequences showing stereoselectivity factors of E > 50 were
predicted, which was substantiated experimentally [190].

In a different ML/DL-based approach, the so-called Innov’SAR metric
deserves mention [1n, 191]. Accordingly, by using an amino acid index, the
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Figure 3.19 Optimal reordering of the
E-value enantioselectivity landscapes with
60 minutes reaction time [190]. (a) Color
heat map for the enantioselectivity land-
scape (E-values) of 95 randomly sampled
mutants plotted with a random amino acid
ordering. Each color square represents one
mutant with red indicating a high E-value
and blue corresponding to a low E-value
(see color x*x bar on the far right). White
squares are unsampled proteins. (b) E-value
landscape of the 95 mutants using the
ASRA-identified optimal amino acid order-
ing. The result predicts that proteins with
high E-values are most likely located in the
lower right corner. The mutant at position

16/20 (circled in red in both A and B) of
the reordered landscape turned out to

be the same as the mutant at position
20/19; the wrong protein was accidentally
placed in this position in the experiment.
(c) E-value landscape for 45 newly sam-
pled mutants, guided by the ordering in
(b). (d) E-value distribution for the 95 ini-
tial random mutants. (e) Reordered E-value
landscape for the 94 mutants (excluding
the erroneous mutant at position 16/20 in
(b)). (f) E-value landscape for the 45 newly
sampled mutants, based on the ordering
in the enantioselectivity factor E. Source:
Ref. [190]/John Wiley & Sons.

alphabetical protein sequence is encoded into a numerical sequence. Different
from ASRA, each index then corresponds to a numerical value associated with
one or more physicochemical properties of each amino acid. Finally, a digital
signal processing technique called Fast Fourier Transform (FFT) converts
numerical signals with the construction of an energy versus frequency power
spectrum (dubbed the protein spectrum). The Innov’SAR technique was applied
on the same directed evolution ANEH experimental platform as in the above
ASRA-study [192]. Innov’SAR requires the protein sequence information to
complete the encoding phase (Figure 3.20a), and the resultant numerical
sequence coupled with the labeled data was recognized by the modeling process.
Eventually, the regression model was used in the predictive phase (Figure 3.20b).



Amino acid Numerical encoding

Protein spectrum

sequence of sequence Fourier 05
MILLEATVLLAY. » 0.08226,003710; _transform o ¢ o
AAA( - 0.005 80;0.00 580; £
KKABGFALGCLE- 0.037 40;0.09 460; g2
(a) 0.070 28;0.00 163; 00
00 01 02 03 04 05
Frequency
Protein spectra Protein activity
N gf determined) =
Variant 1 Sos
—_> s
..AQAKALSKHQDFNSAVQL.™ g0 4.56
0.0
00 01 02 03 04 05
Frequency
05
004
Variant 2 Zos
—> 3
...AQAKALSKHFDFNSAVQL... £ 2.83
0.0
00 01 02 03 04 05
Frequency
05
Variant 3 § g;
.AQAKALTKHQDFNSAVQL. > E 02 107
0.0
. . 0 01 02 03 04 05
. . Frequency
0.5
Variant n 2 gg
—_—>» & .
...AQAKALSLHQDFNSRVQL.™ goz 3.10
0.0- =
00 01 02 03 04 05
. Frequency 3
(b) Library of variants Learning dataset

New variant
...AQAKALTKHFDFNSAVQL...
PLS N Predictive’
regression model

Predicted activity
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Figure 3.21 Ranking of the enantioselectivity £-values for the 512 possible variants of
ANEH using the innov'SAR metric. Source: Ref. [192]/Springer Nature/CC BY 4.0.

Practically, 512 variants were obtained from combinations of the nine single
point mutations (2°). Mutants with enhanced activity and enantioselectivity
were indeed harvested [192]. Several variants were predicted to have highly
improved E-values relative to the earlier best variant obtained by CAST/ISM
(Figure 3.21). One of the best ones, characterized by a never before reported
DNA sequence, was predicted to display an enantioselectivity factor of E =250,
in line with the subsequently determined experimental value of E =253 [192].
Innov’SAR has also been applied successfully in an attempt to predict enhanced
enzyme stability [193] (see Chapter 6). An analysis of the relative merits and
limitations of ASRA versus Innov’SAR, the first two ML-based studies for
improving stereoselectivity, has appeared [1n], but more work is necessary
before a final assessment can be made.

The third example of applying ML for evolving enzyme stereoselectivity
concerns a Fe/$3-ketoglutarate dependent halogenase for late-stage functional-
ization of pharmaceutically important soraphens [194]. Nevertheless, it must
be remembered that ML by itself is a technique that can be exploited as a
helpful guide when engaging in directed enzyme evolution or rational enzyme
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design, not more nor less. As a result, machine learning has pervaded all
topics of protein science as well, starting from the first report in 1992 [195]
and continuing to the present day, as critically analyzed by a comprehensive
review with emphasis on the actual techniques and algorithms. Baker et al
have applied ML/DL to the challenge of rational protein design [196]. This
ML-version computationally identifies amino acid sequences that encode very
low energy target structures and importantly, provides the energy difference
between the folded state and the lowest-lying alternative states. A convolutional
neural network called trRosetta is essential. The captured features are general
properties of the folding energy landscape, which predicts residue-residue dis-
tances and orientations from input sets of aligned sequences. Upon combining
these predictions with Rosetta energy minimization, structure predictions are
possible. The network was used to directly design sequences that fold into a
desired structure by maximizing the probability of the observed residue-residue
distances and orientations versus all others. Epistatic phenomena was not
observed.

ML-assisted mutagenesis has also been successfully applied for the directed
evolution of fluorescent proteins [197]. In this case study, a green fluorescent
protein was chosen as a starting template, and a number of engineered proteins
were obtained, showing yellow fluorescence. The overview of this mutagenesis
approach is represented in Figure 3.22. In general, the procedure consists of four
steps. Firstly, an initial small library of GFP variants was constructed via point

Synthesis of gene fragments

Expression vectors
of variants

Machine learning

Colony formation

Analysis
* Sequence

* Expressed amount
* Fluorescence

Micromass culture
in well plates

Screening

Figure 3.22 Schematic illustration of the machine-learning-guided mutagenesis method
as applied for evolving GFP to YFP. Source: Saito et al. [197]/with permission of American
Chemical Society.
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saturation mutagenesis and random mutagenesis. Secondly, the variants in the
library were experimentally analyzed to access the sequence and functional
data. Next, labeled-data from 155 proteins was used to train a Gaussian process,
thereby proposing the second-round mutagenesis library. Eventually, after
screening 80 variants in the second-round library, 12 of them showed enhanced
yellow fluorescence [197].

Apart from playing a possible role in directed evolution, ML can also be used
in rational design or de novo design. In a prominent example, the algorithm Pro-
teinGAN was developed based on the generative adversarial network (GAN),
which enables the generation of novel functional protein sequences by “learn-
ing” natural protein sequence diversity [198]. In the case study of using malate
dehydrogenase as a model enzyme, 13 out of 55 sequences generated by Protein-
GAN proved to be soluble with catalytic activity. Remarkably, a highly mutated
variant of 106 amino-acid substitutions was harvested in this study [198]. Other
ML frameworks, e.g. Unirep [199], ECNet [200], PyPEF [201], CLADE [202],
etc., also deserve to be mentioned for guiding protein engineering. Finally, the
Rosetta algorithms [203] provide a computational means to access, inter alia,
rationally designed enzymes showing promiscuous catalytic behavior, which can
be improved by directed evolution in subsequent steps (see Chapter 7). Further
reviews of ML and DL in protein design are available [204].

3.3
Diverse Approaches to Rational Enzyme Design

3.3.1
Introductory Remarks

As discussed in Chapter 1, several contributions in directed evolution during
the period 1986-1997 marked the beginning of a new era in biocatalysis,
evidenced by seminal papers on increasing enzyme thermostability (kanamycin
nucleotidyltransferase) [205a], robustness toward hostile organic solvents
(protease) [205b], resistance to antibiotics (3-lactamase) [103a], and especially
enhancing enantioselectivity (lipase) [205c]. Prior to these historical devel-
opments, Michael Smith had developed the molecular biological method of
genetically substituting the amino acid at any residue of a protein for any one
of the other 19 canonical amino acids [206], which in principle set the stage
for so-called rational design of enzymes as an alternative to directed evolution.
According to this concept, a limited number of predictions of point mutations
are made and then the small collection of variants is tested experimentally.
This exciting new research field originally focused on thermostability, while
it was known that enzyme immobilization as part of process engineering is
another technique for stabilization. Rational enzyme design for increasing
enzyme thermostability and resistance to hostile organic solvents was reviewed
in 2004 [207]. It was guided by the idea of introducing salt bridges on the protein
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surface for sufficient rigidification, constructing disulfide bonds likewise for
rigidification, resorting to molecular dynamics (MD) simulations, and applying
phylogenetic analyses (consensus) [208]. As more and more studies appeared,
the accumulating knowledge of mutational effects provided further support for
new projects in rational design. In parallel to these developments, increasing
the robustness of enzymes was studied by directed evolution as an alternative
[209]. It needs to be pointed out that organic chemists completely ignored
these advances because they were interested in stereoselectivity, for which many
synthetic transitions metal catalysts were being developed with great success
[210]. Indeed, they were skeptical concerning enzymes in general, not believing
that they could be part of their toolbox. With the advent of directed evolution of
stereoselective enzymes [31], this attitude slowly began to change. Enhancing
stereoselectivity by rational enzyme design was considered for a long time to be
a daunting task [211]. Predicting the necessary exchange of an amino acid at a
given residue appeared to be a mission impossible, not to speak of predicting
several mutations. What residues should be rationally chosen, and which
amino acid exchange should then be implemented at each residue? As will be
shown below, the advantages of semi-rational directed evolution for influencing
stereoselectivity and the alternative rational enzyme design did not develop on
separate tracks. Indeed, the two approaches have merged (Section 3.4).

Due to the apparent difficulties at the time, not rational design was chosen
for manipulating stereoselectivity, but instead directed evolution, originally
utilizing random mutagenesis methods. The hydrolytic kinetic resolution of
2-methyl decanoic acid p-nitrophenyl ester, catalyzed by the PAL, served as
the model experimental platform and the selectivity factor E as the degree
of enantioselectivity [205c] (see Chapters 1 and 4 for details). Following
four rounds of epPCR, the enantioselectivity factor increased 10-fold from
E =1.4 (S enantiomer) to E =11, at the time a breakthrough, but far from
industrially relevant. Since subsequent epPCR experiments proved to be dis-
appointing (E =13), the doctoral student Steffi Wilensek, working in the Reetz
group, suggested, inter alia, focused saturation mutagenesis at sites lining the
binding pocket using so-called NNK codon degeneracy (20 canonical amino
acids as building blocks). It was the first time that this technique was applied
to engyme stereoselectivity. Today, some researchers wonder why it took so
long to realize that this approach is the way to go. It worked indeed, but the
best results (E =594) [212] came later, following the systematization in the
form of the CAST [87]. It was a crucial move from “blind” to semi-rational
directed evolution of stereoselectivity. Importantly, ISM was also established,
which simply meant that the best mutant of the first generation was used as
a template for saturation mutagenesis at a different site in the second cycle,
and so on [70, 88, 89]. Thus, CAST/ISM as a form of focused mutagenesis is
different from iterative epPCR, iterative mutator strain-based mutagenesis,
or iterative DNA shuffling, which are all random. This difference is of fun-
damental importance in protein engineering and pervades throughout this
monograph.
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3.4
Merging Semi-rational Directed Evolution and Rational Enzyme Design by Focused
Rational Iterative Site-Specific Mutagenesis (FRISM)

A strict separation line between advanced semi-rational directed evolution, such
as new-generation versions of CAST/ISM [1a, n, 89, 95] and rational enzyme
design [83, 84, 158] does not exist. The development of Focused Rational Iterative
Site-specific Mutagenesis (FRISM) goes even one step further, because it consti-
tutes a successful and systematized fusion of the two approaches [213]. This devel-
opment has been summarized in a review [3]. Prior to this development, several
other rational enzyme design studies deserve mention, which are related to
FRISM. An early example is a stereoselective Diels— Alder cycloaddition in which
the Rosetta algorithm package [203, 214] was employed (Figure 3.23) [215].
Based on QM computations, over 200 Rosetta predictions were first made for
possible mutants with sufficient activity. Then, 84 were expressed and tested in
the model reaction. Mutations that enable H-bond interactions at the acceptor
and donor residues were designed for improving binding and others were added
for increasing activity. Two variants showed Diels—Alder activity, and one of
them corresponded to the predicted high enantioselectivity (>95% ee; ee =
enantiomeric excess) and complete endo-selectivity. The researchers concluded
that the relatively low success rate calls for further improvement in Rosetta [215].
Designing exo-selectivity was not attempted, which would have been particularly
interesting because it would violate standard “rules” in organic chemistry.

A scrutiny of the literature shows that Rosetta undergoes continuous improve-
ments. As an example, protein backbone manipulation by RosettaRemodel is
based on a unified interface to the Rosetta modeling suite, with which control
over numerous aspects of flexible backbone protein design computations is pos-
sible [203a]. Loop insertion/deletion, disulfide engineering, domain assembly,
loop remodeling, motif drafting, and de novo structure modeling belong to the
challenges covered by this approach (Figure 3.24).

Rational enzyme design has also been applied to the standard P450-BM3
monooxygenase using (4R)-limonene as a chiral substrate [216]. Since WT was
found to deliver a mixture of products at low conversion, the purpose was to
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Figure 3.23 Enzymatic Diels - Alder reaction achieved by Rosetta-based rational design.
Source: Ref. [215]/American Association for the Advancement of Science.
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increase activity for C7-hydroxylation with the formation of perillyl alcohol.
The rational design campaign involved several steps that were involved in the
rational design procedure, beginning with the screening of a previous mutant
library and performing MD computations. This led the researchers to test
the introduction of hydrophobic amino acids alanine, valine, phenylalanine,
leucine, and isoleucine at various residues. A collection of 48 single and double
mutants at residues 87 and 328 was constructed and tested, whereby variant
A328V formed 27% of the desired perillyl alcohol. Using this mutation, rational
mutagenesis at positions 87 and 328 was checked again with the introduction of
hydrophobic amino acids. Since no improvements set in, more MD simulations
were carried out, and mutations involving hydrophobic amino acids were
added to mutant A328YV, leading to 60% of the desired product. In the final
round of rational design, a similar strategy resulted in the further addition
of A328V/L43F, which enabled 97% conversion to perillyl alcohol [216]. Like
in CAST/ISM, the overall strategy is focused, not random iterative mutagen-
esis, except that only small collections of mutants have to be generated and
screened.
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Figure 3.25 Conversion of penicillin G and N into cephalosporins catalyzed by mutants of
scDAOCS. Source: Ref. [214]/American Society for Microbiology.

Similarly, rational enzyme design was employed for the generation of
more active mutants of deacetoxycephalosporin C synthase from Streptomyces
clavuligerus (scDAOCS) [214], which also preceded FRISM. As the authors noted
themselves, they were inspired by ISM and therefore dubbed the technique
Iterative Combinatorial Mutagenesis (ICM), which led to distinctly enhanced
activity toward penicillin G and N (Figure 3.25). The template used as a start
was a known quadruple mutant C155Y/Y184H/V2751/C281Y, evolved earlier by
the same authors as a result of random epPCR and DNA shuffling followed by
screening of ~10 500 clones, which had shown a 41-fold increase in k, /K rela-
tive to WT. As part of the ICM study, three rounds of targeted mutagenesis were
performed in which a total of only 24 new mutants had to be screened. The best
mutant resulted in an 87-fold increase in k, /K, relative to WT [214]. The cri-
teria (guidelines) for predicting the 24 new mutants were not clearly explained.
MD computations were also not performed, but reference to earlier mutations
was made, which was probably helpful. The practical results are nonetheless of
notable significance in the pharmaceutical industry. A related rational design
strategy was recently used in biocatalytic Pictet-Spengler reactions with the
formation of pharmaceutically important 1-aryltetrahydro-3-carbolines [217].

In addition to Rosetta and Hotspot Wizard, which can be combined with ML,
other important techniques of utility in rational enzyme design include alanine
scanning (or other amino acid scans), in which all or a limited number of
residues are subjected to such amino acid exchanges [218]. This allows the iden-
tification of potential hotspots at which further mutagenesis can be performed,
while occasionally some mutations already lead to an improved catalytic profile
which can then be combined. Related is the concept of mutability scanning,
according to which not just one amino acid but several are introduced at a select
number of hotspots [219]. A fingerprint of positive, neutral, and detrimental
effects on each residue becomes visible. However, this can be quite labor
intensive. Therefore, only a limited number of such amino acid exchange events
are implemented, based on consensus data, previous mutational experience
and ML. In an impressive application, amorpha-4,11-diene synthase served as
the enzyme, which is responsible for the first (rate-determining) step in the
biosynthesis of antimalarial artemisinin [220]. Up to 16 residues surrounding
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the binding pocket were first considered, but this was reduced drastically by
mutability landscaping, guided by consideration of sequences of other terpene
synthases (consensus). Among the 258 produced variants which were screened
for activity, the double mutant T399S/H448A enhanced k, fivefold [220]. I
principle, this could be improved even more if the sequence and mutat10nal
information were to be used in a follow-up ISM-study. Amino acid scanning
and mutability landscaping are related to the idea of performing NNK-based
saturation mutagenesis at every residue of an enzyme.

The low number of predicted and tested mutants in the above study is also a
central issue in advanced CAST/ISM since the generation of smarter and smaller
mutant libraries continues to be a crucial goal. Along this line, a revealing study
showed that only 384 transformants had to be screened for enantioselectivity in
order to ensure 95% coverage of the respective CAST library [221]. This low num-
ber is comparable to the screening effort in many studies that rely on rational
enzyme design, which again suggests that the two approaches to protein engi-
neering are merging.

The first FRISM study was aimed at enhancing and inverting enantio- and
diastereo-selectivity in an unusual lipase-catalyzed kinetic resolution [213a],
which was then systematically classified [1a]. The new technique was inspired
by CAST/ISM and nicely merges the two approaches of protein engineering. The
first step is the same as in conventional rational enzyme design, i.e. predictions of
a small set of variants are made and then experimentally tested. The best mutant
is subsequently used as a template for a second cycle of prediction/screening,
and so on. One wonders why this systematization had not been suggested earlier.
The case of two mutational sites, as illustrated in Figure 3.26, pictures two
FRISM sites together with the respective two pathways. Each site comprises
either one or more residues. Since the two pathways do not necessarily terminate
with the identical final variant, the scheme in Figure 3.26a is not symmetrical.

Superior mutants Superior mutants

Site 2 _;_ 3- Site 1 Site 3 g] T? Site 2
T T Site 2 ‘ : Site 3
Site 1 1@ B! site2 T T
\ /] Site1 @ '\ /] etc.

Rational design as “filter”

() 20 AA © (b) e 20 AA

Figure 3.26 Adapted illustration of Focused Rational Iterative Site-specific Mutagenesis
(FRISM). (@) FRISM with two mutational sites; (b) FRISM with three mutational sites, two of
the six possible pathways being shown. Source: Adapted from Ref. [1a, 213].
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When three sites are chosen, 3! = 6 evolutionary pathways are possible, two
of which are illustrated in Figure 3.26b. The kinetic resolution employing
a racemic alcohol and a racemic acid ester was attempted, catalyzed by the
CALB. Consequently, two diastereomeric products are possible, each in two
enantiomeric forms (enantio-preference), forming four different stereoisomers.
It is worthwhile to look at a few details of this ground-breaking study.

As noted above, the lipase CALB was used as the catalyst in the challenging
goal of generating four different variants for the four theoretically possible
stereoisomers of a product compound 1-phenylethyl 2-phenylpropanoate
bearing two centers of chirality (Figure 3.27) [213]. An unusual type of kinetic
resolution in a transacylating process was necessary. Following the docking of
substrate 2-phenylpropionic acid p-nitrophenyl ester into the binding pocket of
CALB, seven possible residues at the acid and alcohol pockets were identified
for site-specific mutagenesis. Then a limited number of amino acids with
different steric properties were chosen to replace the WT amino acids at each
of the CAST hotspots. Alanine (A) or glycine (G) were considered as small, and
leucine (L) and phenylalanine (F) as large. Thereafter, the predicted variants
were tested in kinetic resolution in order to identify the best one for each of the
four pathways. These limited exploratory experiments revealed a small number
of hits, which formed the basis for extending the list by considering a small
number of additional mutations with similarly sized amino acids (A*, L*, and
F*), including G, V/C/I/M, and Y/W, respectively. As further guides for the best
predictions concerning possibly improved mutants, the known (R)-selectivity

(2R,1'R)-3a (25,1'S)-3a
'
OH
O
O O -
L rac-1a rac-2a

(2R,1'S)-3a (2S,1'R)-3a

Figure 3.27 Stereoconvergent transacylation between 2-phenylpropionic acid p-nitrophenyl
ester (rac-1) and 1-phenylethanol (rac-2a) catalyzed by CALB mutants. Source:
Ref. [213]/American Chemical Society.
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of WT CALB toward chiral alcohols and previous mutations for inverting to
(S)-selectivity were considered. Along similar lines, the optimal first-generation
variant(s) for each of the four pathways were predicted and tested, which indeed
worked well, although still far away from 90% stereoselectivity, which did not
surprise since only the first half of FRISM had been implemented.

The subsequent second half of the overall FRISM process was guided by sim-
ilar considerations. The reader interested in applying the technique should read
the details of the original publications (that requires a great deal of concentra-
tion!). Suffice it to say that indeed, four stereoconvergent variants were designed,
which enabled more than 95% stereoselectivity in favor of the four stereoisomers,
respectively (Figure 3.28). In this project, not just one stereoselective variant of
an enzyme was obtained, as in traditional directed evolution studies, but four
mutants, yet a total of only 100 variants had to be assessed for selectivity! The
screening of traditional mutant libraries was circumvented. For mechanistic pur-
poses, this study included kinetics and QM/MM computations, which unveiled
the source of selectivities.

In a rapid succession of reports, FRISM was applied and extended using differ-
ent types of enzymes [222]. Prominent examples involve a photodecarboxylase
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Figure 3.28 Focused Rational Iterative
Site-specific Mutagenesis (FRISM) applied
to the model CALB-catalyzed transacylating
kinetic resolution (Figure 3.27) resulting in
completely diastereo- and enantio-selective

variants A, B, C, and D. Abbreviations: G,

generation; Sele, selectivity. Conversion
data are shown in parentheses after selec-
tivity data according HPLC analysis (0J-H,
hexane:isopropanol = 80:20). Source:

Ref. [213]/American Chemical Society.
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[222a], and a glycosyltransferase for synthetically difficult regioselective
glucosylation of poly-hydroxy compounds [222b]. A noteworthy study appeared
around the same time in which a glycosyltransferase was also engineered for sub-
strate acceptance, but in this case using CAST/ISM [223]. The authors reported
that the use of FRISM would not have provided their best mutants. Clearly,
well-focused CAST/ISM and FRISM are complementary rational approaches [3].

3.5
Conclusions and Perspectives

This chapter clearly demonstrates (i) the crucial role of methodology develop-
ment in directed evolution [1a] and rational enzyme design [57, 83, 84, 158],
and (ii) that the two approaches have merged. Information on the advantages
and disadvantages of the various molecular biological gene mutagenesis tech-
niques has been offered, including analyses of possible pitfalls. Nevertheless,
the choice of a given method when starting a new protein engineering project
depends on other factors as well, such as economic issues [101]. All these fac-
tors together determine the final strategy to be used. With the aid of case studies,
Chapter 4 illustrates how such decisions are optimally made by providing further
guidelines. In most cases, it will be seen that evolving pronounced stereo- and/or
regio-selectivity as well as activity, which touches on the heart of organic and
pharmaceutical chemistry, is best achieved by semi-rational saturation mutagen-
esis (CAST/ISM). The latest improved versions of CAST/ISM can therefore be called
“rational” rather than “semi-rational.” Chapter 4 also emphasizes the emergence
of FRISM [3].
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4
Guidelines for Applying Gene Mutagenesis Methods in Organic
Chemistry, Pharmaceutical Applications, and Biotechnology

4.1
Some General Tips

Useful and general tips when applying rational design (Section 4.1.1) and
directed evolution (Section 4.1.2) are given here. Thereafter, a description of
comparative studies as well as recent developments follows. Protein engineers
specializing in rational design or directed evolution have learned from each other
in recent years, and the two fields have started to merge with the development
of Focused Rational Iterative Site-specific Mutagenesis (FRISM) and related
approaches, as explained in Section 3.10. The latest examples are highlighted
here in Section 4.6.

411
Rational Design

For a long time, the rational design of stereoselective enzyme mutants as biocat-
alysts in organic chemistry and biotechnology remained beyond the imagination
of protein engineers (see Section 1.3). This does not surprise, because even the
directed evolution of enzyme stereoselectivity was a daunting task. Fortunately,
this is slowly changing. Some impressive successes have already been reported
using the Rosetta algorithms (see Section 3.3) in the area of promiscuous artifi-
cial metalloenzymes (see Chapter 7). In a more general assessment concerning
the majority of known enzyme types, examples of purely rational design without
the inclusion of saturation mutagenesis, error-prone polymerase chain reaction
(epPCR), or DNA shuffling are rare. Semi-rational directed evolution of the kind
combinatorial active-site saturation test (CAST)/iterative saturation mutagenesis
(ISM) and advanced rational versions thereof (Section 3.5) can be augmented by
adding a well-designed single mutation at an appropriate residue in the enzyme.
In principle, to avoid pitfalls, rational design needs to be guided by appropriate
data, techniques, and methods, including:

« Structural and mechanistic data
« Phylogenetic analysis (consensus technique)
+ Docking and molecular dynamics (MD) computations

Engyme Engineering: Selective Catalysts for Applications in Biotechnology, Organic Chemistry, and Life Science,
First Edition. Manfred T. Reetz, Zhoutong Sun, and Ge Qu.
© 2023 WILEY-VCH GmbH. Published 2023 by WILEY-VCH GmbH.
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» Quantum mechanical (QM) calculations

« Previous mutational data

 The Rosetta computational package (which includes some of the above)
* Machine learning

In 2013, it was stated in a comprehensive review of computational enzyme
design that rational design of such enzyme parameters as stereo- and/or
regio-selectivity should be attempted only if an efficient medium- or
high-throughput assay is not available [1]. Since then, this view has not
changed much, as is evident in newer reviews [2]. A recent example of rationally
manipulating substrate scope (activity) while maintaining high stereoselectivity
without the aid of saturation mutagenesis, epPCR or DNA shuffling concerns
a o-transaminase from Pseudomonas jessenii (o-TA), belonging to the class
IIT transaminases [3]. This enzyme catalyzes the reaction of prochiral ketones
with the formation of chiral amines, a biocatalytic transformation of great
importance in the pharmaceutical industry [4] (Scheme 4.1). While strict
(S)-enantioselectivity is generally observed with enzymes of this type, substrate
scope is narrow, which greatly limits applications. This study is highlighted here
as an important step forward, although directed evolution of transaminases (or
amine dehydrogenases) based on semi-rational CAST/ISM has been shown not
to require excessive or expensive ee-screening [5].

Computational redesign for modified selectivity

-

6 compounds

)L tailored enzymes /l\

v/ Small mutant libraries
Thermostable aminotransferase v~ Robust dedicated aminotransferases
template v/ Optically active aminotetralins, aminoindane

Scheme 4.1 Utility of computationally designed mutants of o-transaminase from Pseu-
domonas jessenii (n-TA) in the synthesis of pharmaceutically important chiral amines.
Source: [3]/American Chemical Society.

In order to proceed rationally, the authors of the »-TA study first considered
the enzyme mechanism (Scheme 4.2). The catalytic cycle is described by two
half-reactions with the occurrence of several intermediates. Then the Rosetta
enzyme design software [1, 6] was applied. It is based on a search algorithm that
computationally mutates selected residues randomly and identifies low-energy
solutions by considering residue identities and their rotamers as well as ligand
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conformations [7]. In this study, the Rosetta interface energy was employed as
the primary metric, which makes extensive MD computations unnecessary in
the early ranking phase. When performing docking experiments, the substrates
were covalently bound in the form of the aldimine intermediate (Figure 4.1). This
limits the search space and speeds up the process because degrees of freedom are
greatly reduced.

Six structurally different bulky amines with an (S)-configuration were con-
sidered. In a dock-and-design step, mutations that sterically allow the accom-
modation of the respective aldimine intermediates were identified. Small virtual
mutant libraries were constructed containing amino acid exchanges at the eight
positions (Figure 4.1), and these were produced by site-specific mutagenesis and
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Figure 4.2 Ketone substrates (left half) and (S)-configurated chiral amines as products
(right half). Source: Meng et al. [3]/American Chemical Society.

tested as catalysts in the laboratory. Eventually, 40 designed top-ranking variants
based on the computed interface energy were constructed and experimentally
assayed. Two of the designs showed the desired catalytic activity towards the
six ketone substrates with high enantioselectivity (ee > 99%) (Figure 4.2). More-
over, several crystal structures of improved variants were analyzed in this study,
which are in line with the Rosetta predictions. The results proved to be impres-
sive, because exceedingly bulky substrates were readily accepted (Figure 4.2).
In terms of thermostability, 12 out of the 40 variants displayed comparable or
slightly increased stability. In the case of reduced thermostability, the water dis-
placement upon substrate binding may be the cause, which leads to an increased
energy barrier that is not considered in the Rosetta calculations [3].

Finally, it should be noted that in this study, enantioselectivity itself was not
designed, since WT and mutants are all strictly (S)-selective. The reader may ask:
How would one proceed if (R)-selectivity were the goal? The answer to this
pressing question may lie in the optimal fusion of rational design and directed
evolution based on advanced CAST/ISM. As outlined in Section 3.10, a major
step forward is the development of FRISM, with Section 4.6 highlighting new
examples.

In yet another study featuring rational enzyme design, chemoselectivity in
oxidation was addressed by employing a difficult transformation of a substrate
for which the toolbox of synthetic organic chemists offers no ecologically viable
solution. It concerns the P450-BM3 catalyzed reaction of benzene with the
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formation of phenol and dihydroquinone (HQ), respectively (Scheme 4.3) [8].
If chemists try to oxidize benzene using synthetic reagents in the absence of
enzymes, the initially formed phenol is more reactive than the starting material
and therefore forms various dihydroxy benzenes and other products in an
uncontrollable manner. The industrial synthetic procedure of dihydroquinone
therefore requires two Friedel-Crafts reactions, oxidation with the formation
of a di-peroxy compound followed by acid catalyzed fragmentation, all under
harsh conditions (Scheme 4.3a).

The P450-BM3 based process could be stopped at the HQ product, formed
regioselectively (Scheme 4.3b), which was also exploited in the one-pot trans-
formation of benzene to arbutin, a known natural product used in the treatment
of skin ailments. This was achieved by including it in the Eshcherichia coli cells
with the enzyme arbutin synthase (Scheme 4.3c). The crucial question was
how to rationally design mutants that enable these amazing transformations.
In an earlier study in which P450-BM3 mutants had been evolved for the
regio- and stereo-selective conversion of cyclohexanone to the acyloins (R)- and
(S)-2-hydroxy cyclohexanone, exploratory NNK based saturation mutagenesis
had been performed at eight CAST residues [9]. The mutational fingerprint
was then analyzed, which showed that, especially at residues A78, A82, and
V328, the introduction of phenylalanine signalled notably higher activity.
Consequently, in the HQ-study, this amino acid was introduced not just at
these three residues by site-specific mutagenesis, but also as double mutants
A82F/A328F and V78F/A328F and triple mutant A82F/A328F/V78F. These six
mutants were expected to reduce the size of the large P450-BM3 binding pocket.
Indeed, these few variants were first tested in the reaction of phenol, which led
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Table 4.1 Conversion of cyclohexanone to stereoisomeric cyclohexane-1,2-diols using E.
coli cells co-expressing P450-BM3 mutants and 2,3-butanediol dehydrogenases.

Entry Catalysts Conv. trans/ er Favored Product
(%) meso (%)) stereo- distribution (%)
isomer
Cyclo- 2- Cyclo-

hexanol Hydroxycy- hexane-
clohexan- 1,2-diol

1-one

1 E. coli (P450ATCO06 + 90 98:2 >99:1 (RR) O 1 99
BDHA)

2 E. coli (P450ATD04 + 98 5:95 —9  meso 0 1 99
BDHA)

3 E. coli (P450ATCO06 + 84 8:92 —9V  meso 17 1 82
BUDC)

4 E. coli (P450ATD04 + 98  95:5 >99:1 (S,8) 3 0 97
BUDC)

5 E. coli (P450ATCO6 + 91 51:49 —9  NA. 29 2 69
LBDHA)

6 E. coli (P450ATD04 + 97  96:4 98:2 (S,8) 8 1 91
LBDHA)

a) Conditions: 10 mM substrate, 30 °C and 200 rpm, five hours. The conversion was determined by
GC analysis and is based on the amount of converted substrate.

b) Relative amounts based on the peak areas in the GC chromatograms.

¢) Determined for trans-cyclohexane-1,2-diols.

d) Values not determined.

N.A., not available.

Source: Ref. [9]/John Wiley & Sons.

chemo- and regio-selectively to HQ with no overoxidation and only traces of the
regioisomer catechol (Table 4.1). As expected, the mutants also catalyzed the
conversion of benzene itself to HQ. Finally, using the triple mutant and arbutin
synthase in E. coli allowed benzene to be converted to arbutin in a single whole
cell cascade system in excellent yield [9]. The study is an illustration of how
previous mutagenic information can be exploited in tackling challenging problems
by rational design without the need to screen mutant libraries. At the same time, it
points to the current limitations of rational design, since similar scenarios using
other substrates and enzyme types are likely to be rare. However, as time goes on,
more data will become available, which makes rational enzyme design easier.
Apart from engineering CASTing sites, manipulating enzyme function
by altering allosteric interactions while conserving the active site is also an
attractive goal. In 2013, the Sanchez-Ruiz group constructed several ancient
B-lactamases via ancestral sequence reconstruction [10a]. One of the resurrected
B-lactamases, called GNCA, shares a common 3D structure with the extant
TEM-1 p-lactamase (RMSD ~0.6 A), and ~50% conservation in their amino
acid sequence. Nevertheless, GNCA and TEM-1 p-lactamase showed a notable
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Figure 4.3 The flexibility analysis of GNCA
and TEM-1 p-lactamase. (a) The dynamic
flexibility index (DFI) profile of GNCA (blue)
and TEM-1 p-lactamase (red). The obvious
differences around residues 166, 205, 223,

and 280 are highlighted by black circles.

(b) Conservation analysis of the selected
hinges in GNCA and TEM-1 p-lactamase.
Source: Modi et al. [10b]/Springer Nature/CC
BY 4.0.

divergence in catalytic activity. For example, GNCA can degrade a variety
of antibiotics (e.g. penicillin and cefotaxime) while the catalytic efficiency
is moderate. In contrast, TEM-1 p-lactamase only displays resistance toward
penicillins, but the activity is about two magnitudes higher than that of GNCA
[10]. Guided by a conformational dynamics computational approach, the same
group and their collaborators recently continued engineering GNCA, aiming
to tailor its substrate promiscuity and activity [10b]. The flexibility of hinge
regions in the two enzymes was thoroughly analyzed by performing molecular
dynamics simulations (MDs) in conjunction with the dynamic flexibility index
(DFI) calculations (Figure 4.3).
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As a result of a consensus analysis (Figure 4.3b), the residues in the
hinge regions were divided into two groups: non-common and sequentially
non-conserved residues as X-set mutations (Figure 4.4a), and common and
sequentially non-conserved residues as Y-set mutations (Figure 4.4b). By
shifting the substituting residues from TEM-1 p-lactamase to GNCA, along with
fine-tuning the dynamic allosteric interactions, the resultant GNCA variant
bearing 21 substitutions showed a threefold increase in activity toward ben-
zylpenicillin and a 10 000-fold decrease for degrading cefotaxime, a remarkable
selectivity [10b].

The above representative example highlights the significant roles of allostery
and conformational dynamics when tailoring enzyme properties in rational
design procedures, which are also demonstrated by many other studies [11].
Other cases of rational design can be found in Table 5.2.
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41.2
Directed Evolution

In general, application of any one of the gene mutagenesis techniques is likely
to provide improved enzyme variants (see Chapter 3), but choosing the best
method for a given study coupled with the optimal strategy on how to apply
it ensures efficiency needed in practical (industrial) applications [12, 13]. The
optimal choice(s) depends on the catalytic parameter(s) to be engineered.
Thermostability and robustness in hostile organic solvents will be treated
separately in Chapter 6. The focus here is on the directed evolution of stereo-
and regio-selective enzymes as catalysts in organic chemistry and biotechnology.
Quite often, more than one enzyme parameter needs to be improved, and then
two strategic options are possible [13]: (i) engineer the parameters separately
in two sequential projects, or (ii) optimize both parameters simultaneously in
a single project. For practical reasons, it is useful to choose robust enzymes for
directed evolution projects, since protein stability promotes evolvability [14].
Consequently, when considering a not so robust enzyme due to ready availability
or if patent reasons are involved, enhancing thermostability should precede the
engineering of other parameters such as activity or selectivity (Scheme 4.4a).
However, it may also be possible to improve both parameters simultaneously by
designing appropriate experimental platforms. This can be achieved by heating
microtiter plates at a given temperature for a defined length of time prior to
high-throughput screening for activity (or selectivity). All variants of inferior
thermostability would be denatured by such a heat treatment, and only those
in which thermostabilizing mutations have been introduced will “survive”
(Scheme 4.4b) [13]. Today, the simultaneous optimization of two parameters
seems particularly appealing, but also challenging [15] (see Chapters 8 and 9).

Evolve Thermostable Evolve Thermostable and
thermostable mutant active mutant active mutant
mutant

Evolve
thermostable and | Thermostable and
active mutant active mutant
(b) simultaneously

Scheme 4.4 Two choices when attempting to optimize thermostability and activity of an
enzyme [13]. (@) Engineer thermostability first and then activity; (b) Engineer both ther-
mostability and activity simultaneously. Source: [13]/John Wiley & Sons.
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In other directed evolution endeavors, activity and/or enantioselectivity consti-
tute the catalytic parameters of interest [15, 16]. In such cases, a given library may
contain variants with the highest enantioselectivity (property A) but low activity
(property B), or vice versa, variants with the highest activity but low enantios-
electivity. It has been demonstrated that the very best hits with respect to one
parameter (enantioselectivity) should not be used as templates in the subsequent
cycle of mutagenesis/expression/screening when seeking higher activity as well
as stereoselectivity, and vice versa [16]. Rather, a compromise is recommended in
which several medium- or higher-quality hits, but not the very best ones in terms
of stereoselectivity, are not discarded as often done in the past. Rather, they can
be used as templates in the next directed evolution round, which focuses on the
other catalytic parameter (property B, e.g. activity). This strategy is illustrated in
Scheme 4.5 [16]. These kinds of non-discarded variants are reminiscent of neu-
tral drift mutants [17], but the term “lateral hits” may be more appropriate [16].
A remote relationship to the Eigen/Schuster notion of quasi-species [18] may
also be noted, as invoked in other directed evolution studies [19]. An opposing
view is to evolve maximally high activity first, and then to tune stereoselectivity.
Comparative studies are needed in order to make final conclusions [13].

Irrespective of the type of genetic method used in a directed evolution project,
the crucial question concerning the choice of the optimal number of point
mutations to occur in each mutagenesis/expression/screening cycle should be
routinely addressed. Different opinions have been voiced on this important
issue, and certainly successful examples of single-point mutations, but also of
multiple point mutations, have been reported numerous times [12, 13]. In 2009,
it was strongly recommended that climbing the hill in a fitness landscape is best
achieved when only single mutations are allowed to accumulate one by one in
evolutionary cycles [20]. However, this conclusion did not consider previous
studies in which the simultaneous introduction of more than one-point mutation
was shown to be highly efficient [21-23], with success being due to cooperative
effects (more than traditional additivity) within a set of point mutations and
between sets of mutations [24-27]. The occurrence of pronounced mutational
cooperativity in directed evolution has been interpreted as a sign of efficacy [27].

Whenever an enzyme’s substrate scope needs to be shifted or enlarged because
a given compound of interest is not accepted (lack of notable activity), two dif-
ferent directed evolution strategies can be applied [13]:

 Proceed conventionally by applying CAST/ISM using the substrate of inter-
est directly in mutagenesis/screening rounds, aided by structural, consensus
sequence data and/or computational support.

» Apply the in vitro coevolutionary strategy initially developed for manipulating
binding affinity [28] to directed evolution [29].

The in vitro coevolutionary strategy is a type of “substrate walking,” in which
a compound structurally more closely related to the natural substrate, but react-
ing slower, is first subjected to directed evolution for enhanced activity. This is
followed by several similar iterative steps using structurally altered compounds
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mutant for property A and B, respectively,

until the final substrate of actual interest is targeted (Scheme 4.6). The latter
option, although conceptionally intriguing, requires several steps that may not
be necessary due to recent developments in dramatically improved directed evo-
lution methods and strategies. However, should such advanced techniques fail,
for whatever reason, the approach based on in vitro coevolution may be the best
way to solve the problem.

A crucial issue concerns the choice of the mutagenesis method. In attempts to
manipulate stereoselectivity, activity, and/or substrate scope, a variety of differ-
ent molecular biological techniques such as epPCR, saturation mutagenesis, and
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ventional directed evolution. The arrows
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DNA shuffling have been invoked. As already explained in Section 3.5, it took a
number of years of research before the preferred strategy emerged: semi-rational
saturation mutagenesis at residues lining or near the binding pocket [12, 13]. In
Section 4.2, this conclusion is further analyzed by highlighting and analyzing
comparative studies.

As emphasized in Chapter 3, whenever saturation mutagenesis is applied,
at least a crude check on the quality of the mutant library is mandatory. In
other words, the experimenter poses the question: Has the expected diversity
been approximately achieved? This can be done fairly fast by the Quick Quality
Control (QQC), in which a limited number of transformants are pooled and
sequenced. The cost of sequencing has been reduced drastically in recent years,
which means that such an investment is worthwhile because it helps to prevent
the screening of mutants that do not exist. Alternatively, the Stewart method
of generating quantitative, so-called Q-values is more exact but a little more
labor-intensive (see Chapter 2).

4.2
Rare Cases of Comparative Directed Evolution Studies

421
Converting a Galactosidase into a Fucosidase

In an early comparative study, DNA shuffling [30] versus saturation mutagene-
sis [31] in the directed evolution of substrate acceptance was investigated, which
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Scheme 4.7 Model reactions in the directed evolution of a fucosidase from a galactosidase.
Source: Adapted from Refs. [30, 31].

involved the evolution of a fucosidase starting from a galactosidase. The model
reactions utilized the hydrolysis of the “natural” synthetic substrate 1 — 2 + 3
catalyzed by E. coli lacZ 3-galactosidase (BGAL) and the respective reaction
of the “nonnatural” substrate 4 — 5 + 3 to be catalyzed by an evolved variant
(Scheme 4.7). The two substrates differ by a single hydroxyl group at position
C6 (-CH,OH versus —CH,), but otherwise the stereochemical features of the
compounds are identical. In the reaction of substrate 4, wild-type (WT) BGAL is
a poor catalyst in a sluggish reaction, which the authors wanted to improve.

The steps involved in the earlier DNA shuffling study are summarized in
Scheme 4.8 [30]. A total of seven DNA shuffling cycles were performed, each
time about 10 000 colonies were screened using a crude but convenient on-plate
color test for activity. About 2-5% of the transformants displayed enhanced
activity as judged by the pretest, and typically 20-40 variants were then isolated
and studied separately by kinetics.

The best mutant from the seventh and final round of shuffling showed a 66-fold
increase in fucosidase activity and a reduction in galactosidase activity, but it
still displayed a preference for the “natural” substrate 1 by a factor of 2.7 [30].
Thus, the desired reversal of substrate preference was not achieved. The best
variant is characterized by eight-point mutations, only two of which are near the
active site. Apparently, subtle effects are involved, which were not unambigu-
ously uncovered. It has been pointed out that since deconvolution experiments
of multi-mutational variants [27] were not performed, the conclusion that all
eight-point mutations are really necessary for the change in substrate acceptance
is not fully conclusive [13].

In the second study, saturation mutagenesis was employed rather than DNA
shuffling, the purpose being to compare the two gene mutagenesis methods by
employing the identical substrates, the same enzyme BGAL, and the previous
on-plate screening assay [31]. Based on X-ray data of BGAL [32], saturation muta-
genesis was applied at a site comprising three residues 201, 540, and 604, which
bind sodium ions (Figure 4.5). It was speculated that simultaneous randomiza-
tion at these positions as part of the binding site would provide variants that no
longer coordinate Na*, nor interact with the hydroxyl group at C6. In contrast,
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Scheme 4.8 DNA shuffling process used in the directed evolution of a fucosidase starting
from a galactosidase. Source: [30]. Copyright (1997) National Academy of Sciences, U.S.A.

Figure 4.5 Structure of BGAL active site [32] used as a guide in designing saturation
mutagenesis at amino acid positions 201, 540, and 604. Source: [31]/With permission of
Elsevier.
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Figure 4.6 Selected BGAL variants resulting from saturation mutagenesis at a site com-
posed of amino acid positions 201, 540, and 604. Source: [31]/With permission of Elsevier.

interaction directly with the methyl group of substrate 4 was expected, which
should shift substrate selectivity in favor of the “fuco-substrate” 4 and less so for
the “galacto-substrate” 1.

Saturation mutagenesis was performed using NNK codon degeneracy encod-
ing all 20 canonical amino acids, followed by screening with the on-plate pretest.
In this way, about 10 000 transformants were assayed, leading to the discovery of
a handful of active variants showing pronounced degrees of preference for sub-
strate 4 (Figure 4.6) [31].

It was found that in the reaction of substrate 4, the best variant, H540V/N604T,
is considerably more active (180-fold increase in k., /K,;), while favoring its
transformation relative to that of the “natural” synthetic substrate 1. The
observed 7000-fold switch is dramatic. Although the interpretation of the results
on a molecular level was difficult because Asp201 was retained, the overall
conclusion regarding the pros and cons of DNA shuffling versus saturation
mutagenesis was convincing: Focused library generation by structure-guided sat-
uration mutagenesis is superior to DNA shuffling. The generation and screening
of a single saturation mutagenesis library (10000 transformants) leading to
these excellent results contrasts with the formation and screening of seven DNA
shuffling libraries (total 70000 transformants) with the evolution of notably
inferior variants. Nevertheless, the authors were careful not to generalize their
conclusion [31].

From today’s perspective, an important aspect of this study concerns the issue
of library coverage. A 3-residue site would require for 95% library coverage the

155



156

4 Gene Mutagenesis Methods in Organic Chemistry, Pharmaceutical Applications, and Biotechnology

screening of about 98000 transformants (Table 3.3). Since only 10000 were
actually assayed, it is clear that full or nearly full library coverage is not necessary
for obtaining acceptable results [31]. Even lower library coverage in saturation
mutagenesis for enhanced stereoselectivity and activity may be sufficient in
some cases [33]. However, the best variants will be missed by such a procedure.
Nonetheless, for practical applications, the nth best hit may be acceptable [34].

422
Enhancing and Inverting the Enantioselectivity of the Lipase from Pseudomonas
aeruginosa (PAL)

Comparing different mutagenesis techniques in directed evolution is best done
over an extended period of time, since each of them undergoes improvements
[12a]. The most systematically performed comparison of the different mutagen-
esis methods and strategies is based on a series of studies over a period of more
than a decade [13]. The model reaction involves the hydrolytic kinetic resolution
of rac-6 with a slight preference for (S)-7 (E =1.1), catalyzed by mutants of
the lipase from Pseudomonas aeruginosa (PAL) (Scheme 4.9) [26, 33-38]. As
shown in the introductory Chapter 1, this system was used in the original
proof-of-principle study, showing for the first time that directed evolution can
be used to control the enantioselectivity of enzymes [35].

o NO,
R \XJ\
CHjy
rac-6 (R = n-CgHy;)

H,0
lipase
0 o) NO, NO,
" a1 T 2
o + Ao -
CHs CHs
(S)-7 (R)-6 3

Scheme 4.9 Model reaction used in the directed evolution of the enzyme PAL. Source:
Adapted from Refs. [26, 33, 35-38].

Initially, four cycles of epPCR at low mutation averaging one amino acid
exchange per enzyme were transversed. In each round, a single mutation was
introduced randomly, leading to the accumulation of the (S)-selective variant
S149G/S155L/V47G/F259L characterized by a selectivity factor of E =11.3
(see Scheme 1.11) [35]. Two further epPCR rounds failed to provide notably
improved variants, with E-values of only 13-15 being achieved [39]. It is a clear
indication that recursive epPCR is not ideally suited for enhancing stereose-
lectivity, certainly not in this particular enzyme system. Moreover, most of the
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hot spots appeared to be remote from the active site as judged by a homology
model (the crystal structure of PAL was not published until later). Therefore,
methodology development was initiated by exploring other strategies.

At the time, it was assumed that the four observed mutations S149G/S155L/
V47G/F259L occurred at hot spots, but that the newly introduced amino acids
might not be optimal. Consequently, saturation mutagenesis was applied at
these positions [36]. In principle, wild-type (WT) or first-, second-, third-,
or fourth-generation mutants can be used as templates. In some cases, this
provided variants displaying higher enantioselectivity, but in others, no
improvements were detected. For example, using the third generation mutant
S149G/S155L/V47G as the template, saturation mutagenesis using NNK codon
degeneracy encoding all 20 canonical amino acids was performed at position
155. Variant S149G/S155F/V47G was identified in which leucine was exchanged
for phenylalanine, leading to a notable increase in enantioselectivity (E = 20).
Randomization at this position using other templates likewise led to the same
exchange S155F. However, focusing on other positions failed to provide better
variants. Therefore, alternating saturation mutagenesis at different positions
and epPCR were tested, with the best variant V47G/V55G/S149G/S155F/S164G
displaying a selectivity factor of E =26 (Scheme 4.10) [36]. This can be viewed
as a forerunner of ISM (for a detailed discussion of ISM, Section 3.5).

30
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— Error-prone PCR  —— Saturation mutagenesis —— Site-specific mutagenesis

Scheme 4.10 Alternating saturation mutagenesis at different positions with epPCR in the
quest to enhance the enantioselectivity of PAL in the model reaction rac-6 — (S)-7 + 3.
Source: Ref. [36]/With permission of Elsevier.
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While these strategies ensured partial success, the observed enantioselectivi-
ties were not high enough for practical applications. Therefore, other approaches
were tested, the first involving saturation mutagenesis (NNK codon degeneracy)
at a site comprising four amino acid positions 160-163 at the binding pocket of
PAL [33] (see Scheme 1.11). This experiment was guided by the PAL crystal struc-
ture [40] and constitutes the first example of focused saturation mutagenesis at a
site lining the binding pocket of an enzyme with the aim of enhancing stereoselec-
tivity. It was essentially an attempt to reshape the binding pocket of an enzyme,
keeping Emil Fischer’s lock-and-key hypothesis in mind. After screening only
5000 transformants, the quadruple mutant G160A/S161D/L162G/N163F show-
ing a selectivity factor of E =30 was identified [33]. In those early days, over-
sampling statistics were not considered, but subsequently it became clear that
for 95% library coverage, about 3 x 10° transformants should have been screened,
far beyond practical possibilities. The result was later interpreted as an indication
that aiming for full library coverage in saturation mutagenesis is not absolutely
necessary [13].

In the same study [33], another saturation mutagenesis experiment likewise
led to notable success. A 2-residue site Ser155/Leul62 was randomized, again
using NNK codon degeneracy, which provided two variants (labeled VIII and
IX) of similar enantioselectivity, E = 34 and E = 30, respectively, in favor of (S)-7.
These positive results did not lead to the realization that saturation mutagen-
esis at sites lining the binding pocket is superior to epPCR and DNA shuffling.
Fortunately, this conclusion was finally made several years later with the system-
atization of saturation mutagenesis at sites lining the binding pocket in the form
of the CAST [38] and the emergence of ISM [21] (see Section 3.5).

In the PAL study describing saturation mutagenesis at the 2- and 4-residue
sites, a second strategy was then tested in which the genes of two previous
mutants (labeled IV and V) were subjected to DNA shuffling [33]. In order to
increase diversity in the DNA shuffling experiment, a modified form called
Combinatorial Multiple-Cassette Mutagenesis (CMCM) [41] was applied (for a
detailed description, see Section 3.5). Accordingly, a mutagenic oligocassette was
included in the shuffling, which allows parallel randomization at positions 155
and 162 (Scheme 4.11) [33]. This procedure provided an enzyme (PAL variant

S155M L162G
& O N/
P ¥ 3¢ | Fragmentation Reassembl
Tagmentali) @@ 1] < K X JoFs
(& O @ .
EI[II O KX ) Gene encoding
Mutated genes encoding /] / \ variant H
variants D and E
3 [@] 155 (NNN) 162 (NNN)
Scheme 4.11 Extended CMCM in the evo- 161; yellow star: position 234; red circle:
lution of an (S)-selective variant X in the position 53; orange circle: position 180; blue
hydrolytic kinetic resolution of rac-6 [33]. circle: position 272. Source: Ref. [33]/John

Green star: position 20; purple star: position  Wiley & Sons.
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X) characterized by six-point mutations D20N/S53P/S155M/L162G/1801/T234S
and the highest enantioselectivity (E = 51) in the model reaction observed up to
that point (Scheme 4.11) [33]. Interestingly, only L162G was found to be next to
the binding pocket, the other five-point mutations being more or less remote.

On the basis of these exploratory experiments, it was provisionally concluded
that the combination of epPCR and DNA shuffling is the optimal strategy
for evolving stereoselective enzymes. Indeed, at the time other groups joined
efforts in generalizing directed evolution of stereoselectivity using other
types of enzymes along similar lines as summarized in an early review [37].
However, a subsequent mechanistic and QM/MM study suggested that only
two of the six-point mutations in the best variant X are necessary for high
enantioselectivity [42]. Indeed, the predicted double mutant S53P/L162G was
generated and shown to have a selectivity factor of E = 63 in the model reaction,
demonstrating that four of the six-point mutations are superfluous and actually
reduce stereoselectivity [42]. This was a clear signal that the strategy, which
includes epPCR and DNA shuffling is successful but not overly efficient [13].
A total of 50000 transformants had to be screened in all of these experiments,
as summarized in Scheme 4.12. Similar screening efforts were made in order to
invert stereoselectivity favoring (R)-7 [43].

Following two crucial advances in developing more efficient saturation muta-
genesis, namely the structure-guided use of reduced amino acid alphabets [23]
and ISM [21, 22] (see Section 3.5), the PAL model system was re-visited in order
to allow for a more rigorous comparison of mutagenesis methods and strategies
[26]. The same model of reaction was employed. This crystal structure of PAL
[40] served as a guide, together with ISM as the mutagenetic strategy [26].

It is known that lipases have “two” binding pockets, one harboring the acid
and the other the alcohol part of the ester. Therefore, it was decided to focus
saturation mutagenesis on the respective CAST sites. Since the chiral center in
substrate rac-6 is in the acid part of the molecule with catalytically active S82
being between the two segments, six residues were judged as being important
for mutagenesis, namely M16, L17, L159, L162, 1231, and V232, all surrounding
the acid part of the binding pocket (Figure 4.7) [26]. The distance values of the
a-C-atom of all these six residues to the a-C-atom of the acid moiety (C4) in rac-6
were estimated to be: M16 (5.3 A); L17 (8.4 A); L159 (8.5A); L162 (6.5 A); L231
(7.0A); and V232 (7.3 A).

How to group the six chosen CAST residues into appropriately sized
multi-residue randomization sites, if at all, was the next task, in addition to
choosing the right reduced amino acid alphabet for minimizing the screening
effort (see Chapters 2 and 3). These strategic questions are addressed in a general
way in Section 4.3. In the PAL study, three 2-residue randomization sites were
defined, namely A (M16/L17), B (L159/L162), and C (L231/V232) (Figure 4.7).
Each library would require the screening of about 3000 transformants for 95%
coverage, which adds up to 9000. This is much more than the screening effort
when generating and screening six separate single-residue libraries, but this
conclusion is reversed in the subsequent iterative steps if the complete ISM
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Figure 4.7 Schematic representation of
amino acid residues considered for sat-
uration mutagenesis [26], based on the
X-ray structure of WT-PAL [40]: sites A
(Metl6/Leul?, green), B (Leul59/Leul62,
blue), and C (Leu231/Val232, yellow)
around the active site Ser82 (stick rep-
resentation in red) in the acid-binding
pocket (purple circle). The red circle marks
the alcohol-binding pocket, in the case at
hand, harboring the p-nitrophenyl moiety
of rac-6. At the top of the picture, helix
and loop in wheat (right, Asp113-Leul56)
and light pink (left, Pro203-Asn228) repre-
sent lid 1 and lid 2, respectively. Source:
Adapted from [26, 40].

Table 4.2 Statistical consequences as a function of grouping single CAST residues into
randomization sites.

Type of No. of No. of Total number of transformants screened
grouping pathways libraries in complete ISM scheme for 95% coverage
in complete in complete
ISM scheme ISM scheme Using NNK codon Using NDT or
DNT codon
Six single-residue 720 1956 183 864 (94 per lib.) 66 504 (34 per lib.)
sites
Three double-residue 6 15 45990 (3066 per lib.) 6450 (430 per lib.)
sites
Two triple-residue 2 4 392 652 (98 163 per lib.) 20 700 (5 175 per lib.)
sites
One six-residue site 1 1 3.21 x 10° 8.95 x 10°

Source: Ref. [26]/American Chemical Society.

scheme is fully investigated (Table 4.2) [26]. Importantly, randomization at
sites comprising two or three residues can lead to double or triple mutants,
respectively, in which the respective point mutations may interact with one
another cooperatively (more than additively) [27].

In the case of NDT codon degeneracy encoding 12 amino acids (Phe, Leu, Ile,
Val, Tyr, His, Asn, Asp, Cys, Arg, Ser, and Gly), only 430 transformants would
have to be screened (a total of ~1300 for all three libraries). Experimentally,
libraries A, B, and C were first produced using NNK codon degeneracy, and
in each case ~3000 transformants were screened. In libraries A and C, slightly
improved variants were discovered, but the best hit originated in library B:
variant 1F8 was characterized by a single-point mutation L162N with E =8 in
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favor of (S)-7. At this point, a decision had to be made on how to proceed in the
upward climb. A complete 3-site ISM scheme involves 6 evolutionary pathways
and a total of 15 saturation mutagenesis libraries (Scheme 3.9b). Experience has
shown that it is not necessary to explore all upward pathways in an ISM study,
but some are more productive than others [44].

Mutant 1F8 was then used as the template for saturation mutagenesis at sites
A and C employing DNT codon degeneracy encoding 11 amino acids (Ala, Asn,
Asp, Cys, Gly, Ile, Phe, Ser, Thr, Tyr, and Val). The reason for choosing DNT
rather than NDT for second generation randomization at sites A and C in this
particular case is simple: DNT does not encode leucine, and both sites already
harbor leucine, thereby reducing the amount of template mutant (“starting
mutant,” in this case 1F8) appearing in the library. This increases the library’s
quality somewhat. Upon screening the two second generation libraries, a highly
active and stereoselective variant was identified in which two-point mutations
accumulated, M16A/L17F, leading to the final triple mutant M16A/L17F/L162N
(enzyme variant XI) characterized by a selectivity factor of E = 594 (Scheme 4.12)
[26]. Due to the dramatically improved catalytic profile, further ISM at site C
was not necessary. The triple mutant is also a good catalyst for the hydrolytic
kinetic resolution of other chiral esters. The study includes kinetics, molecular
dynamics (MD) computations, and deconvolution experiments, which uncover
unusually large cooperative effects existing between the second mutational set
(M16A/L17F) and the initial point mutation (L162N) (see Chapter 8 for further
details).

Less than 10000 transformants were screened using an on-plate pretest for
activity followed by automated gas chromatography (GC) analysis of the active
hits. This is much less than the invested effort in the older approach based
on epPCR and DNA shuffling (50000 transformants). At the time of the ISM
study [26], the full significance of using reduced amino acid alphabets in the
quest to reduce the screening effort was not as clear as it currently is. Today, a
researcher would not select NNK codon degeneracy for the initial libraries, but
NDT or DNT codon degeneracy, which encode balanced sets of polar/nonpolar,
charged/non-charged, and hydrophobic/hydrophilic amino acids [13]. In such a
scenario, less than 1900 transformants would have to be screened for optimizing
PAL. As highlighted in Section 4.3, even smaller amino acid alphabets can be
considered, provided structural data is available when designing the mutant
libraries.

Up to this point in the analysis, all other comparative studies [12, 31], although
not as extensive as the PAL investigations, show that epPCR and DNA shuf-
fling can in principle be successful to some extent when wanting to enhance or
invert stereoselectivity, rate, and substrate scope of enzymes. These are the most
important catalytic parameters when applying enzymes as catalysts in organic
chemistry and/or biotechnology [45, 46]. But today, when aiming to manipulate
selectivity and/or activity, the superiority of semi-rational saturation mutagenesis
at sites lining the binding pocket over epPCR and DNA shuffling is evident as indi-
cated by many studies, and it was even suspected years ago [12a, e, g, h, 13, 45, 47].
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Today, saturation mutagenesis at sites lining the enzyme binding pocket is being
used by many groups [48]. As highlighted in Section 4.3, choosing the best strategy
for applying this technique is likewise of prime importance.

4.3
Choosing the Best Strategy When Applying Saturation Mutagenesis

4.3.1
General Guidelines

Once the choice has been made in favor of saturation mutagenesis in a new pro-
tein engineering project focusing on stereo- and/or regio-selectivity, activity, or
substrate scope, quite different strategies for applying this form of directed evolu-
tion are possible. The optimal approaches have emerged and continue to undergo
further improvements. Some tips on how to apply saturation mutagenesis opti-
mally have already been outlined in Section 3.5 and in this chapter, including
the use of statistical metrics for estimating oversampling in relation to %-library
coverage. These tips revolve around the challenge of maximizing library qual-
ity while minimizing the screening effort (a bottleneck of directed evolution in
general). If an enzyme under study has not been characterized by an X-ray struc-
ture needed to define CAST sites, then a homology model must be resorted to,
which usually works quite well in spite of introducing some uncertainty. If no
structural data of any kind is available, which is rare, epPCR, DNA shuffling, or
a mutator strain should be chosen, possibly followed by saturation mutagenesis
at the identified “hot spots.”

In older studies based on saturation mutagenesis, NNK, or NNS codon degen-
eracy encoding all 20 canonical amino acids was used, e.g. when targeting stere-
oselectivity [13, 21]. A crucial development for increasing the efficacy of this
protein engineering technique was the utilization of reduced amino acid alpha-
bets [23, 45], which lower structural diversity but provide a simple technique for
reducing the degree of oversampling in the screening step [25]. Saturation muta-
genesis at a multi-residue site can be performed in three fundamentally different
ways [13], each resulting in vastly different screening efforts. These include:

+ Conventional NNK (or NNS) codon degeneracy encoding all 20 canonical
amino acids at all individual positions of a multi-residue randomization site
in separate saturation mutagenesis experiments.

« A rationally chosen reduced amino acid alphabet at all positions of a
multi-residue randomization site in a single procedure.

 Adifferent codon degeneracy at each position of a multi-residue site in a single
saturation mutagenesis experiment.

When using reduced amino acid alphabets, two fundamentally different strate-
gies are possible [48a, b, d], which is part of the systematization of saturation
mutagenesis (see Section 4.3.3 for details). Strategy 1 constitutes the traditional
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Scheme 4.13 Two different approaches to the use of reduced amino acid alphabets in sat-
uration mutagenesis, if necessary, followed ISM. Source: Adapted from Refs. [12a, 23, 25,
48a, d].

way to perform saturation mutagenesis at a multi-residue randomization site,
namely a defined codon degeneracy corresponding to the chosen amino acid
alphabet. Strategy 2 involves a different codon degeneracy encoding a chosen
reduced amino acid alphabet at each residue of a multi-residue randomization
site also in a single saturation mutagenesis experiment (Scheme 4.13).

Here, two representative examples of the traditional approach are analyzed,
in these cases based on NNK codon degeneracy without the use of a reduced
amino acid alphabet. Shortcomings will be pointed out. In a study concerning
the directed evolution of a stereoselective transaminase, ISM [21, 22] played a
crucial role, but DNA shuffling and site-specific mutagenesis were also employed
[29]. The goal was to increase the activity of the transaminase ATA-117 as a cat-
alyst in the key step of the industrial production of sitagliptin phosphate (10), a
therapeutic drug in the treatment of diabetes (Scheme 4.14).

F i F . H,PO4 F
N N 5 N :
B N N N R N N
N \\I\Il/\ Transaminase/ N\\,l\j/\ ® N \\I/\ (R)
F PLP F N F
FaC FiC oy
99.95% ee Sitagliptin phosphate
8 9 10

Scheme 4.14 Biocatalytic route to sitagliptin phosphate using a transaminase evolved by
applying ISM, epPCR, and DNA shuffling. Source: Adapted from Ref. [29].

The enzyme ATA-117 is a homolog of the structurally well characterized
transaminase from Arthrobacter sp., which is known to be (R)-selective in
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the reductive amination of methyl ketones and small cyclic ketones [49]. At
the time, industrial researchers refrained from using the “real” substrate 8 in
mutagenesis/screening experiments [29]. Instead, they first resorted to Zhao’s
in vitro coevolution concept according to Scheme 4.15 [28]. Substrate walking
was performed by first focusing protein engineering on the truncated methyl
ketone 11 as a substrate, with isopropylamine (12) serving as the amine-donor
(Scheme 4.15). WT ATA-117 is a poor catalyst in this transformation, but
nevertheless provided 4% conversion at 2 g1~! substrate concentration.

o o O NH,

N J\/”\ NH Transaminase N J\/\ ¢}
SN + B SSTTON S+
N}/N\) A 0.5-1gI'PLP N}/N\) " N

F.l 05-1M FC

1 12 13 14

Scheme 4.15 Model compound (11) used in substrate walking based on in vitro coevolu-
tion. Source: Adapted from Ref. [29].

Using a homology model of ATA-117, docking computations were performed,
which allowed reasonable choices of randomization sites lining the binding
pocket (CAST sites, although not designated as such). Although extensive
details were not reported, this procedure provided variant S223P with an
11-fold increase in activity in the model reaction of ketone 11 [29]. This mutant
was then used as a template for ISM experiments, this time using the “real”
substrate 8. Docking experiments indicated that the trifluoromethyl group in
the substrate could interact with residues V69, F122, T283, and A284. Four
saturation mutagenesis libraries were created individually at these four posi-
tions, in addition to the generation of a combinatorial library using several
residues simultaneously. Whereas randomization at the single residues failed
to provide improved variants, the combinatorial library led to an active variant
characterized by four-point mutations lining “small” and “large” parts of the
binding pocket. Double mutants F1221/V69G, F122I/A284G, F122V/V69G,
F122V/A284G, F122L/V69G, and F1221./A284G proved to be hits, all containing
the parent mutation S223P. Activity was still quite low, but in the absence of
point mutation S223P, no activity whatsoever was observed, as demonstrated by
a deconvolution experiment. Full or partial deconvolution of multi-mutational
variants constitutes an excellent way to identify cooperative (more than additive)
mutations and/or deleterious amino acid exchange events [27]. The value of
substrate walking as part of the in vitro coevolution approach is clear. However,
the inclusion of position 223 in an extended combinatorial library was not
explored, which may have made substrate walking superfluous.

Following these findings, the most active variant was then used as the parent
for the next round of ISM (although this acronym was not used), and the
beneficial mutations from the small-pocket and large-pocket saturation mutage-
nesis libraries were combined into a new library, which led to a variant having
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12-point mutations and showing a 75-fold increase in activity. Unfortunately,
nothing is mentioned regarding enantioselectivity, but it can be assumed that the
researchers observed (R)-selectivity in all cases in favor of the desired amine 9.
Although the results at this stage are impressive, a number of practical problems
still have to be solved, e.g. finding reaction conditions under which the substrate
is soluble, increasing substrate and amine donor concentration, solvent tuning,
pH optimization, as well as enhancing enzyme performance under operat-
ing conditions. Therefore, 11 further rounds of mutagenesis/screening were
performed using DNA shuffling, epPCR-based random mutagenesis, rational
design, and saturation mutagenesis at second-sphere sites from the binding
pocket, all of this being done in parallel to process development. In some cases,
mutagenesis cycles were guided by ProSAR (see Section 3.9.2). A total of 36 480
transformants were assayed using an LC/MS/MS screen in the early phase (low
activity variants) and an automated achiral high-performance liquid chromatog-
raphy (HPLC) system for all other transformants (~2minutes per sample),
followed by chiral HPLC of the best hits. The best variant was reported to have
27 mutations [29]. In 50% dimethylsulfoxide (DMSO), it converts 200 g17! of the
prositagliptin ketone 8 to sitagliptin (9) with >99.95% ee (R). One of the best
mutants was also reported to be active and enantioselective in the reductive
amination of several other structurally different ketones [29].

The overall results of this study regarding the catalytic performance of the
best ATA-117 variant under operating conditions are impressive. However, since
many experimental details are lacking, it is difficult to assess the actual efficiency
of the reported mutagenesis strategy [13]. Was the order of the mutagenesis cycles
in the multi-step process planned the way it was presented? If so, why was the par-
ticular order of mutagenesis events chosen? Or were local minima in the upward
climb encountered (not reported), calling for different mutagenesis techniques?
Thus, it is difficult to learn from this study. With the most recent emergence
of improved ISM techniques based on large randomization sites in combina-
tion with designed reduced amino acid alphabets [12a], a saturation mutagenesis
approach without the need to shuffle or to invoke site-specific mutagenesis may
be an attractive alternative, certainly in future studies. Nevertheless, one of the
interesting observations made in this study is the fact that saturation mutagenesis
at single residue sites lining the binding pocket does not always result in the dis-
covery of improved mutants (local minima?), whereas grouping them into larger
randomization sites, which are then subjected to saturation mutagenesis seems
to be the better strategy [29].

Prior to the above study, the actual first time that ISM was applied to an
enzyme, in this case for boosting its enantioselectivity, concerned the hydrolytic
kinetic resolution of epoxide rac-15 with the formation of (S)-16 [21]. The
epoxide hydrolase from Aspergillus niger (ANEH) served as the biocatalyst. The
successes and pitfalls of this early report and subsequent studies of the model
reaction are analyzed here. WT ANEH was known to be slightly (S)-selective
(E =4.6) (Scheme 4.16).
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Scheme 4.16 Model hydrolytic kinetic resolution of the glycidyl ether rac-15 catalyzed by
ANEH. Source: Ref. [21]/John Wiley & Sons.

Guided by the crystal structure of WT ANEH [50], 15 amino acid positions
lining the tunnel-like binding pocket were identified. Rather than generating
15 single residue randomization libraries at these CAST positions, they were
grouped into six randomization sites comprising two or three residues: A (posi-
tions 193/195/196), B (215/217/219), C (329/330), D (349/350), E (317/318), and
F (244/245/249) (Figure 4.8). All six initial libraries A-F were generated using
NNK codon degeneracy and screened for enhanced enantioselectivity in the
model reaction, with the best variant (L215F/A217D/R219S) originating from
library B. This mutant was then used as the template in the otherwise arbitrarily
chosen ISM pathway WT—B—C—D — F—E leading to the best variant
LW202, characterized by 9-point mutations and showing notably improved
enantioselectivity (E =115) [21]. Due to the already high stereoselectivity, the
last site A in the series was not visited. A total of about 20000 transformants
were screened using the Miilheim multiplexing MS-based high-throughput

JHR 318

Figure 4.8 CAST sites A-E [21] of the epox- (gray), D (green), and E (yellow); Right: Top
ide hydrolase from Aspergillus niger (ANEH)  view of the tunnel-like ANEH binding pocket
chosen on the basis of the X-ray crystal showing sites A-E (blue) and the catalyti-
structure of the WT [50]. Left: Defined ran-  cally active Asp192 (red). Source: Adapted
domization sites A (orange), B (blue), C from [50].
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ee-screening system [51] (see Chapter 2). Limited alternative ISM exploration
was performed, with pathway WT — B — C — D — E leading to a variant with a
selectivity factor of E =49 [8b], but continuing to site A or F failed to produce
improved variants. Apparently, a local minimum in the fitness pathway land-
scape was encountered, as we know today. It took several years of research to find
a way out of such dead ends (see below), and to improve the ISM-based strategy
so that the screening work is typically reduced to 2000-4000 transformants.
With recent methodology developments [12a], in the most directed evolution
studies considerably less mutants need to be screened.

While this study was the first to introduce ISM for manipulating the catalytic
profile of an enzyme, several methodological aspects were neglected [21].
Firstly, a statistical analysis regarding screening/oversampling was not per-
formed. Today, this fast and routine procedure is highly recommended [12a, 23].
Later calculations showed that 95% library coverage was not ensured in this
study, again demonstrating that less screening can still be successful in finding
improved variants (although missing possibly better variants). Secondly, no
attempt was made to escape from a local minimum on the fitness landscape.
Thirdly, further ISM pathways were not considered. Fourthly, library quality was
not checked by the QQC [16] nor by the more quantitative Q-values [52], which
were introduced a few years later. Therefore, one may consider the evolution
of the best variant, LW202, to be a result of fortune. Subsequent and likewise
successful ISM studies [12c, 26], which also rely on arbitrarily chosen pathways,
speak against this hypothesis. Dozens of other successful ISM-based studies
have appeared, as summarized in reviews [12a, 45, 52]; see also Chapter 5. In
the case of B-FIT based thermostabilization of a lipase, highly improved variants
were evolved by choosing arbitrary ISM pathways [22]. Nevertheless, some
uncertainty remains. Even with today’s most sophisticated theoretical QM/MM
techniques, it is impossible to predict the optimal upward pathway in an ISM
scheme. Nevertheless, some simple and practical guidelines have emerged, as
noted in Section 4.3.2.

4.3.2
Choosing Optimal Pathways in Iterative Saturation Mutagenesis (ISM) and Escaping
from Local Minima in Fitness Landscapes

Some ISM pathways are more productive than others, and some may be char-
acterized by local minima, meaning the absence of any improved variants in a
given library. Such “dead ends” are not restricted to ISM, they are a universal
phenomenon when applying other gene mutagenesis techniques such as epPCR,
DNA shuffling, or mutator strains [12]. In order to address this fundamental
problem, a complete ISM landscape was experimentally constructed. All 24
trajectories of a 4-site system were explored, which meant that all 64 relevant
mutant libraries were generated and screened for enantioselectivity [44]. It
involved the epoxide hydrolase ANEH as the catalyst in the same model reaction
(Scheme 4.16). However, rather than constructing the respective complete 5-site
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ISM scheme [21], which would require excessive exploration of 120 pathways, a
truncated version based on only four CAST sites in ANEH was designed [44].
It requires considerably less laboratory work, because only 24 pathways have to
be constructed, involving a total of 64 mutant libraries. In order to reduce the
experimental work even further, the original 3-residue sites B (215/217/219) and
F (244/245/249) were truncated to 2-residue sites B* (215/219) and F* (244/249).
Moreover, NDT codon degeneracy was chosen encoding only 12 amino acids
(Phe, Leu, Ile, Val, Tyr, His, Asn, Asp, Cys, Arg, Ser, and Gly), which likewise
requires less screening for 95% library coverage (only about 430 transformants)
[44]. These practical measures reduce structural diversity quite a bit. Neverthe-
less, variants that are even better than the previous best mutant LW202 were
identified. Keeping the goal of the study in mind, the complete fitness pathway
landscape was analyzed in detail, which revealed several phenomena that are
important when applying ISM.

The results of the 12 most productive ISM pathways are shown in Figure 4.9a,
with the respective terminal variants showing E-values in the range of 78-159
favoring (S)-16. The results of the other set of 12 trajectories are pictured in
Figure 4.9b, which features variants displaying selectivity factors in the range
of E =28-78, which is also considerably better than the performance of WT
ANEH (E =4.6). Thus, all 24 pathways provide respectable results, the best
one WT - F* - B* - E — D leading to variant GUY-228 (E =159) [44], which
is superior to the originally best mutant LW202 (E =115) [21]. These results
help to explain why arbitrarily chosen pathways in numerous ISM have been
successful, although better options may have been missed [44].

The results allow for the construction of a fitness-pathway landscape by con-
sidering the experimental data at all stages of a given pathway in a stacking mode
that links WT ANEH with the respective final mutant in each case of all 24
trajectories (Figures 4.10 and 4.11).

This unique fitness landscape reveals several local minima, meaning that
in the respective libraries no improved variants were found. The evolutionary
pathways point to an important result in this study, namely a simple way to
escape from such dead ends. Rather than abandoning a pathway characterized
by a local minimum, or switching to epPCR or DNA shuffling (or giving up),
the use of an inferior mutant showing lower enantioselectivity (or one similar
to the one in the previous upward climb), as the template in the subsequent
ISM step leads to a notably improved variant. One of several such pathways
is WT (E =4.6)>E (E =21)—>B* (E =36) > D (E =32)— F* (E =97). The
use of inferior or non-improved mutants is reminiscent but not identical
to the concept of neutral drift [17a-c], and of the Eigen/Schuster concept of
quasi-species in natural evolution [18], which has been invoked in other directed
evolution studies [19, 53]. As the most general conclusion of the study, the use
of non-improved or inferior mutants as templates in subsequent mutagenesis
cycles is recommended whenever local minima are encountered in any directed
evolution study, including those driven by epPCR or DNA shuffling. To date, this
strategy has not been used very often in directed evolution because researchers
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usually prefer to abandon the respective experimental platform and switch
to another mutagenesis method or give up [12a]. In a B-FIT study aimed at
thermostabilization, it was shown that the least favorable starting points and
inferior mutants can map superior evolutionary pathways [54]. When analyzing
the experimental data of the epoxide hydrolase study, the first derivative of
AAG' at every stage of each of the 24 pathways is also an instructive way to
picture a fitness landscape [44].

As Table 5.1 reveals, ISM is being increasingly used to manipulate stereo- and
regio-selectivity as well as activity and substrate acceptance. The areas of appli-
cation generally concern the biocatalytic synthesis of enantiopure intermediates
needed in the preparation of chiral pharmaceuticals, plant protecting agents or
fragrances [45]. The potential of ISM in the production of bio-fuels [55] is enor-
mous. The technique has also been applied in completely different areas, e.g.
in the directed evolution of N-oligosaccharyltransferases of relevance in vaccine
production [56].

An intriguing application of ISM was reported in a study focusing on the
potential production of universal blood by enzyme-catalyzed selective cleavage
of the antigenic components [57]. Decades ago, a vision was put forward calling
for selective and active glycoside hydrolases [58]. Unfortunately, all the presently
known glycoside hydrolases that catalyze such challenging reactions are so slow
that the original vision could not be implemented experimentally. The situation
changed when ISM-based directed evolution was applied to the glycoside
hydrolase from Streptococcus pneumonia SP3-BS, which cleaves selectively the
entire terminal trisaccharide antigenic determinants of both A- and B-antigens
from some of the linkages on the surface glycans of red blood cells [57]. In order
to enhance enzyme activity for the cleavage of the Galf3-1,3-GIcNAc linkage of
type 1A antigens (Figure 4.12a-d), a high-throughput microtiter-based assay
was first established in which a fluorogenic substrate was devised comprising
the type 1A blood group pentasaccharide linked by a 3-glycosidic bond to a
methylumbelliferone.

The crystal structure of Sp3GH98 harboring type 2A LewisY pentassacharide
[59] formed a rational basis for choosing seven first- and second-CAST residues
for saturation mutagenesis, Tyr530, Asn559, Tyr560, Trp561, Ile562, Asn592, and
Lys624 (Figure 4.12¢). At a later stage of the ISM process, two additional residues
were considered. All seven initial NNK libraries were screened, leading to three
improved variants, Asn559Ser, Asn592Val, and Asn592Ser with a threefold
enhanced hydrolytic activity. The mutations were combined with the formation
of the double mutants Asn559Ser/Asn592Val and Asn559Ser/Asn592Ser, which
showed a sixfold activity enhancement [57]. Following these exploratory experi-
ments, ISM was initiated using the double mutants as templates for individual
randomization at residues Tyr530, Tyr560, Trp561, Ile562, and Lys624. Further
ISM exploration involving various 2-residue sites from the above individual
amino acid positions and spatially close residues Glu630, Glu663, and Lys677
followed. This ISM exercise provided a variant characterized by five-point
mutations, Tyr530His/Asn559Ser/Asn592Val/Glu630Leu/Lys677Leu with a
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120-fold increase in activity while maintaining the desired regioselectivity [57].
A final round of epPCR-based mutagenesis improved activity by only a small
extent (Figure 4.13). It was shown experimentally that the complete removal of
the antigens had been achieved. Moreover, antibody-based immunofluorescence
control experiments were carried out with real substrates, thereby demonstrating
efficient removal of type 1A antigens from the surface of red blood cells.

As analyzed in a highlight featuring this research, the overall strategy has
opened a new door in this exciting research field [60]. It was suggested that
further ISM experimentation is likely to provide even better results. This could
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Figure 4.13 Evolutionary pathways of Sp3GH98 based on iterative saturation mutagenesis
(ISM) and one final round of epPCR (upper right). Source: [57]/American Chemical Society.

Fold improvement

involve the grouping of the individual amino acid positions into multi-residue
sites followed by ISM on the basis of appropriately chosen reduced amino acid
alphabets.

Interestingly, the Withers group continued their study by discovering new
enzymes that convert A to universal O type blood [61]. A two-step catalytic path-
way was established by using an a-1,3-linked-N-acetylgalactosamine deacetylase
(FpGalNAcDeAc) and a galactosaminidase (FpGalNase) from Flavonifractor
plautii. The former enzyme enables the deacetylation of the A antigen, while
the latter one directs the cleavage of galactosamine to generate H antigen
(Figure 4.14). The crystallographic structure of FpGalNAcDeAc was solved
in this study, and the multiple active sites were determined by mutagenesis.
However, application of advanced CAST/ISM has not yet been undertaken on
this enzyme, which may further improve its activity and specificity for real
clinical tests.

433
Systematization of Saturation Mutagenesis with Further Practical Tips

The systematization of semi-rational saturation mutagenesis requires guidelines
for choosing residues to be mutagenized, how to group them into larger sites, and
how to choose reduced amino acid alphabets for focused randomization. The
guidelines are more or less the same as the ones suggested in Section 4.1.1 for
rational design:

 X-ray data or homology model
» Mechanistic information
» Previous mutational data
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Figure 4.14 Schematic illustration of a unique mechanism to generate H antigen catalyzed
by a deacetylase (FpGalNAcDeAc) and a galactosaminidase (FpGalNase), revealed by mass
spectra data. Source: [61]/Springer Nature.

« Phylogenetic analysis (consensus technique)
 Docking and molecular dynamics (MD) computations
+ Machine learning

At this point, the reader is reminded of the possibility of two different
strategies when applying saturation mutagenesis (see Section 4.3.1): A single
experiment with a given codon degeneracy being applied simultaneously to all of
the chosen residues (Strategy 1), or a different codon degeneracy at each residue
of a multi-residue randomization site (Strategy 2). The first example of Strategy
2 for enhancing stereoselectivity was the directed evolution of phenyl acetone
monooxygenase (PAMO) [48a]. This robust Baeyer-Villiger monooxygenase
readily accepts phenyl acetone but not such synthetically interesting compounds
such as cyclohexanone or its derivatives [62]. For example, ketones 17a-b are
essentially inert to PAMO-catalyzed oxidation (Scheme 4.17) [48a]. The goal
was to evolve substrate acceptance (rate) as well as enantioselectivity in the
oxidative kinetic resolution of these compounds using saturation mutagenesis
at each residue of a randomization site at the binding pocket, guided by X-ray
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Scheme 4.17 Oxidative kinetic resolution catalyzed by PAMO mutants. Source: Adapted
from Ref. [48a]/Royal Society of Chemistry.
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Scheme 4.18 Multiple Sequence Alignment (MSA) of eight BVMOs (441 -444 loop in gray
box). Source: Adapted from Ref. [48a]/Royal Society of Chemistry.

data and a phylogenetic analysis in the form of Multiple Sequence Alignment
(MSA).

First, on the basis of the PAMO crystal structure [63], four residues in loop
441-444 next to the binding pocket were identified as possible CAST sites. Pre-
vious application of rational design using site-specific mutagenesis at positions
in the loop was only partially successful [64]. NNK-based randomization of a
4-residue CAST site would require the screening of 3.1 million transformants
for 95% library coverage, and even NDT codon degeneracy would still call for
~62 000 screened clones (Table 3.2). Although considerably less library cover-
age may still provide improved variants [33], this was not tested in the study.
Rather, eight Baeyer—Villiger monooxygenases were aligned with focus on the
loop region (Scheme 4.18). As can be seen, only a limited number of amino acids
are conserved at the four positions: Ser and Ala (position 441); Ala, Val, Gly, and
Leu (position 442); Leu, Phe, Gly, and Tyr (position 443); and Ser, Ala, Cys, and
Thr (position 444). The plan was to use these amino acids as building blocks at
the respective positions of the 4-residue randomization site, the degree of over-
sampling being highly reduced by this strategy [48a].

Appropriate codon degeneracies were designed in order to match as exten-
sively as possible the amino acids occurring at these four positions according
to MSA, while also introducing a limited number of additional amino acids, as
building blocks for slightly enhanced diversity (Table 4.3). At all positions, the
WT amino acid is maintained as defined by the chosen codon degeneracy. At
position 441, KCA codon degeneracy means the introduction of only one new
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Table 4.3 Choice of codon degeneracies at each position in the 441 -444 loop of PAMO.

Amino acid Codon Encoded amino acids Codons Oversampling for
positions degeneracy 95% coverage
441 KCA A, (S) 864 2587

442 KBG S,(A),L,V,W, G

443 BGC F,H,(L),V,Y,G D,R,C

444 NSC (S),A,P,T,R,G,C

Degenerate codons: A (adenine); B (cytosine/guanine/thymine); C (cytosine); G (guanine); S
(cytosine/guanine); K (guanine/thymine); N (adenine/cytosine/guanine/thymine) [48a]. In the
column listing the encoded amino acids, the WT amino acids are shown in parentheses.
Source: Ref. [48a]/Royal Society of Chemistry.

amino acid (in this case, Ala), while structural diversity at the other positions is
higher.

Screening of 2587 would be necessary for 95% library coverage, but only
1700 were assayed. Several active hits were identified, with PAMO variant
Ser441Ala/Ala442Trp/Leud43Tyr/Ser444Thr showing the highest activity and
enantioselectivity (E =70 in favor of R-18a). This variant is an even better
catalyst for the reaction of substrate 17b (E > 200), which is also not accepted
by WT PAMO. Two conclusions result from this proof-of-principle study: (i) A
different reduced amino acid alphabet can be used effectively at each position
within a multi-residue randomization site in a single saturation mutagenesis
experiment; (ii) MSA-based bioinformatics constitutes a practical guide in this
endeavor [48]. MSA-guided saturation mutagenesis using a defined amino acid
alphabet for the entire randomization site has since been applied and extended
to other directed evolution studies focusing on stereoselectivity [65].

Especially challenging is the directed evolution of PAMO as catalysts in the
oxidative kinetic resolution of 2-alkyl substituted cyclohexanone derivatives
that are completely inert. In these cases, the variant Ser441Ala/Ala442Trp/
Leu443Tyr/Ser444Thr is inactive. Rather than resorting to in vitro coevolution by
applying substrate walking (which could well be successful) [28], a completely
different strategy was tested [66]. Further analysis of the sequence alignment
(Scheme 4.19) showed that proline at positions 437 and 440 is highly conserved,
with cyclododecanone monooxygenase (CDMO) being the only exception. This
suggests that proline, known to impart some degree of rigidity to proteins [67], is
necessary at these positions for maintaining stability and function. By standard
logic, it should not be exchanged by another amino acid. Nevertheless, in the
hope of evolving a new catalytic profile, the opposite strategy was implemented
by performing NNK-based saturation mutagenesis at positions 437 and 440
(a second sphere CAST residue) [66]. This unorthodox MSA-guided approach
proved to be successful, with the randomization library at position 440 con-
taining several highly active and stereoselective single mutants with essentially
no tradeoff in stability. Variants Pro440Leu, Pro440lle, Pro440Asn, Pro440His,
Pro440Tyr, and Pro440Trp are active and highly stereoselective in oxidative
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Scheme 4.19 PAMO-catalyzed oxidative kinetic resolution of 2-alkyl substituted cyclohex-
anone derivatives. Source: Ref. [66]/American Chemical Society.

kinetic resolution of the previous ketones 17a-b, but also in reactions of a
wide variety of structurally different 2-alkyl derivatives 19a-i (Scheme 4.19),
with selectivity factors of E =150-200 being typical. Even the bulky substrate
2-cyclohexylcyclohexanone (19g) is readily accepted with high enantioselectivity
and activity (E > 200).

Increased flexibility and conformational dynamics of the extended PAMO
loop may be the reason for the dramatic effects, as recently shown in the study
of a P450 monooxygenase [11c]. Long-range enzyme dynamics have also been
revealed in other protein studies, as in the catalysis of isopenicillin N synthase,
where the intermediate generation of an Fe(III) superoxide induces changes in
active site volume and remote conformational effects, as shown by femtosecond
crystallography [68]. In the PAMO case, a thorough theoretical analysis of the
experimental results has yet to be performed. It is also uncertain how general
the unusual MSA-based strategy is, i.e. whether amino acid exchange events at
highly conserved residues remote or near the binding pocket a successful when
evolving other enzymes. The opposite strategy using combinatorial proline
scanning with the introduction of one or more prolines at CAST sites (or remote
loops) also needs to be explored.

In a subsequent study, the approach based on the use of a different amino
acid alphabet at each position of a multi-residue site (Strategy 2 in Scheme 4.13)
was reported in the directed evolution of Candida antarctica A (CALA) as a
biocatalyst in the hydrolytic kinetic resolution of a-substituted carboxylic acid
esters [48b]. An earlier study by the same group had shown that CAST/ISM
is successful in evolving a number of variants for asymmetric transformations
of this kind [69], but extension to more bulky ibuprofen-type esters was not
achieved. The new study concentrated on substrates 21-24 (Scheme 4.20) by
first applying substrate walking [28]. A triple mutant (F149Y/I150N/F233G),
which had proven to be highly active and enantioselective for substrate 18 using
CAST/ISM but which was a poor catalyst for the larger substrate 21 (slow and
stereorandom reactions), was used as the starting template for further saturation
mutagenesis experiments [48b].

First, the bulky substrate 21 was docked inside the CALA binding pocket
in the oxyanion form (tetrahedral intermediate at Ser184), leading to the
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Scheme 4.20 Substrates investigated in the CAST-based directed evolution of the lipase
CALA using mutant F149Y/I150N/F233G as template. Source: Ref. [48b]/Proceedings of the
National Academy of Sciences.

conclusion that nine residues at the acyl binding region should be mutable
(Figure 4.15). Then, other residues at this large CAST site were eliminated from
further consideration because they proved to be highly conserved, as shown by
an MSA (PSI-BLAST) analysis. In view of the PAMO study (Scheme 4.18) [66],
this may not have been necessary, but nine otherwise well-chosen positions
sufficed for reshaping the binding pocket. Since substrate 21 is too bulky to be
readily accepted, small amino acids as building blocks in reduced amino acid
alphabets were chosen for saturation mutagenesis. Phe149Tyr and Ile150Asn
were included because in the earlier study this pair had been shown to be

431: FV
225: LV
234: AG
/ 233: FCGV
221: TS
237: GA TSert84

215: PA
E; 149: EY
150: IN

Figure 4.15 Binding pocket of CALA showing tetrahedral intermediate with substrate 21
and nine residues for potential saturation mutagenesis [48b]. The original WT residues are
underlined. Source: [48b]. Copyright (2012) National Academy of Sciences, U.S.A.
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Table 4.4 Combinatorial use of amino acids as building blocks employed in saturation
mutagenesis at the 9-residue randomization site of CALA (Figure 4.15).

Position WT residue Alternative residue(s)
149 Phe Tyr

150 Ile Asn

215 Pro Ala

221 Thr Ser

225 Leu Val

233 Phe Cys/Gly/Val

234 Ala Gly

237 Gly Ala

431 Phe Val

Source: Ref. [48b]. Copyright (2012) National Academy of Sciences, U.S.A.

essential in the evolution of high enantioselectivity toward a fairly broad range
of similar substrates [69].

It was shown that sequence proximity in the nine chosen residues allowed
ready clustering into four primer pairs. Together with primers for the ends of
the gene, they were used in generating five partly overlapping fragments. These
were then simultaneously assembled in a modified overlap extension polymerase
chain reaction (OE-PCR) (see Chapter 3). The final set of amino acids as build-
ing blocks for simultaneous randomization at the 9-residue CAST site was chosen
on the basis of structural information, mechanistic considerations, and previous
mutational data (Table 4.4) [48b].

After screening about 2400 transformants in the highly condensed
library corresponding to ~90% coverage, only a few variants proved to be
active toward substrate 21. The best hit was a penta-substituted variant
Thr221Ser/Leu225Val/Phe233Cys/Gly237Ala/Phe431Val in which four differ-
ent amino acids were introduced at five different positions, leading to high
stereoselectivity (E =100). The best hit, as well as other CALA variants in the
hydrolytic kinetic resolution of the other substrates in Scheme 4.20, likewise
ensured acceptable levels of enantioselectivity. Using NNK codon degeneracy,
encoding all 20 canonical amino acids would have required for 95% library
coverage, the screening of 10 potentially enantioselective clones, an impossible
mission. Deconvolution experiments revealed cooperative (more than additive)
effects [27], and suggested that the particular penta-substituted variant would
not be accessible by normal ISM [48b]. Extensive ISM was not applied, but
in principle such, exploration could provide many more mutants of different
sequences that also feature highly improved catalytic profiles.

As pointed out in 2016 [13], the most interesting aspect in the CALA study
[48b] was the use of codon degeneracies, which led to the combinatorial intro-
duction of a single defined amino acid at eight positions (rather than just one
position as in the PAMO study [48a]) and three amino acids at the ninth position
(in addition to the respective WT amino acid) [48b]. A small and smart library
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resulted in one step, as in the PAMO study [48a], thereby avoiding the necessity
to probe several cycles of mutagenesis/expression/screening. The option defined
by strategy 2 (Scheme 4.13) was also chosen in an investigation of CALA as a cat-
alyst in the acylating kinetic resolution of secondary alcohols [48c], in a study of
the evolution of P450-BM3 mutants, which accept small alkanes such as propane
[48d], and in other applications [48e-i].

The molecular biology in the two structure-guided utilizations of reduced
amino acid alphabets in saturation mutagenesis is straightforward, but it is
not clear whether strategy 1 [22, 23, 26, 52] or strategy 2 [48] is superior. They
need to be studied more thoroughly before final assessments are possible. When
comparing NNK with NDT codon degeneracy as part of strategy 1, the benefits
of resorting to the reduced amino acid alphabet have been demonstrated
[23a], but in that study, alternative reduced amino acid alphabets were not
tested. In contrast, strategy 1 has been tested fairly systematically by studying
the consequences of utilizing different reduced amino acid alphabets, with
limonene epoxide hydrolase (LEH) from Rhodococcus erythropolis DCL14
serving as the catalyst in the hydrolytic desymmetrization of meso-type epoxides
(Scheme 4.21) [70]. LEH is mechanistically different from other epoxide hydro-
lases because epoxide substrates undergo Sy 2 reactions with water acting as the
nucleophile (not an aspartate-residue), which has been modeled in a QM/MM
study [71a] on the basis of the LEH crystal structure [71b]. In the initial report,
the conventional CAST/ISM approach was successfully applied using NDT
codon degeneracy in the randomization of four 2-residue sites: Met32/Leu35,
Leu74/11e80, Leull4/Ile116, and Met78/Val83 lining the LEH binding pocket
(CASTing) [70]. Employing epoxide 25a as the model substrate and arbitrarily
chosen ISM pathways, both (R,R)- and (S,S)-selective mutants were evolved,
enantiomeric ratios reaching er = 90 : 10 and er = 96 : 4, respectively. A total of
5000 transformants were screened.

OH WOH
P~ L X
! " “/OH " NOH
25an=1 (RR)-26 an=1 (S,5)-26 an=1
bn=2 bn=2 bn=2
cn=3 cn=3 cn=3

Scheme 4.21 Hydrolytic desymmetrization of meso-epoxides catalyzed by LEH and
mutants thereof. Source: Adapted from Refs. [70-72a, b].

An interesting example of CAST/ISM concerns the synthetically important
reductive desymmetrization of prochiral compounds to generate a single
stereoisomer bearing two chirality centers [73]. It can be seen that in the
case of the compound ethyl secodione, when either of the two carbonyl
groups at 14- or 17-positions is reduced, two chiral centers are simultaneously
formed (Figure 4.16a). The key challenge was how to obtain the desired single
stereoisomer product (13R,17S)-ethyl secol, which is in high demand in the
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Figure 4.16 (a) All theoretically possible (13R,175)-ethyl secol using CAST/ISM. The
reductive products of ethyl secondine. The percentage of (13R,175)-ethyl secol in
desired (13R,17S)-ethyl secol is marked the product mixture is indicated in blue.
in blue. (b) The evolution of RasADH in Source: Adapted from [73].

the transformation of ethyl secondine to

synthesis of contraceptive hormones. To this end, an alcohol dehydrogenase
from Ralstonia sp. (RasADH) was rationally engineered using ISM, based on
structural information. After docking analysis, a handful of residues lining the
substrate binding pocket were selected as hot spots and subjected to mutagenesis.
In the first round of site-specific saturation mutagenesis (SSM), a variant with
the point mutation F205A delivered an 18-fold increase in activity relative to
the WT enzyme. The ratio of the desired (13R,17S)-product was improved from
37.3% for WT to 45.5% for the variant F205A (Figure 4.16b). Next, two additional
sites, 1187 and 1188, were simultaneously mutated using F205 as a template.
After library screening, a positive hit named 3B3 (I187S/I188L/F205A) was
obtained, showing a 1.2-fold improvement in activity and a >99.5% percentage
of the target (13R,17S)-product. On the basis of variant 3B3, five individual
saturation mutagenesis libraries covering the sites 191/Q93, L144, H147, Y150,
and Q191 were then constructed, respectively. Eventually, the resulting mutant
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F12 (3B3/191V/Q191N) was identified with notably enhanced activity (183-fold
increase compared to the WT) with no tradeoff in stereoselectivity [73].

434
Single Code Saturation Mutagenesis (SCSM): Use of a Single Amino Acid as Building
Block

In a curiosity-driven project, the question of whether the smallest amino acid
alphabet, namely a single amino acid as a building block for randomization, can
be used effectively in saturation mutagenesis at a large multi-residue site lining
the binding pocket [72a]. It constitutes the extreme case of minimal building
blocks in reshaping enzyme binding pockets and is therefore fundamentally
different from the CALA-study (Strategy 2 in Scheme 4.13), in which up to four
different amino acids were introduced in the final mutant (Table 4.4) [48b]. The
hydrolytic desymmetrization of cyclohexene oxide (25b) with the formation
of (R,R)-26b and (S,S)-26b served as the model reaction. Ten CAST residues
were identified for saturation mutagenesis (Leu74, Phe75, Met78, 11e80, Leul03,
Leull4, Ile116, Phel34, Phel39, and Leul47), which were grouped into a single
randomization site (Figure 4.17) [72a, b]. WT LEH is only slightly (S,S)-selective
(er =52:48; ee =4%). If such a 10-residue site were to be randomized using NNK
codon degeneracy (20 amino acid alphabet) or NDT codon degeneracy (12 amino
acid alphabet), then one would have to screen for 95% library coverage of 10!
or 10! transformants, respectively. In contrast, when employing the smallest
amino acid alphabet, a single amino acid, only about 3000 transformants would
have to be screened for the same essentially complete library coverage. However,
structural diversity would be dramatically reduced. It was speculated that such
a strategy could be successful if right decisions were made regarding the choice
of the amino acid in single codon saturation mutagenesis (SCSM). The crystal
structure of LEH reveals that most of the amino acids surrounding the binding
pocket are hydrophobic [71b].

Therefore, valine was chosen as the sole building block in saturation mutagen-
esis at the 10-residue randomization site. This procedure is reminiscent of com-
binatorial alanine scanning used in changing the binding properties of proteins
[74a, b]. In another case, alanine scanning was applied in order to increase the
activity of a P450 monooxygenase (although activity was measured using lysates
and not isolated mutants, which causes some uncertainty in the assessment of
activity) [74c]. In the LEH study, the reason for choosing valine as opposed to ala-
nine has to do with the expectation that the sterically more demanding side-chain
of this amino acid would induce a greater steric effect, possibly compensating for
the low structural diversity imposed by the use of a single amino acid. Primer
design is shown in Scheme 4.22 [72a].

Using the adrenaline pre-test for epoxide activity [75], 35 microtiter plates of
96-well format were screened (96 — 2 positive controls — 2 negative controls = 92),
corresponding to 3220 transformants [72a]. A large number of active hits (533)
were discovered, which is an indication that this strategy is productive, certainly
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Figure 4.17 Large randomization site defined by 10 amino acid positions (green) chosen
on the basis of the crystal structure of LEH [71b] with the catalytic residues being shown
in pink. Source: [72a, b]/John Wiley & Sons.
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Scheme 4.22 Primer design and library construction using valine as the sole building
block and the 10 randomization positions in LEH according to Figure 4.17. Source: Ref.
[72a]/American Chemical Society.
in this particular case. These were then assessed for enantioselectivity by auto-
mated chiral GC. The result is shown in Figure 4.18, which features seven of the
best hits discovered in this single mutant library, four of them favoring (S,S)-26b
and three being (R,R)-selective, with enantiomeric ratios up to er = 97 : 3 and
er = 12: 88, respectively. It can be seen that three to five valines were introduced
at different positions of the 10-residue site [72a].

The use of phenylalanine as the sole amino acid as building block in an anal-
ogous manner also worked nicely, although the degree of enantioselectivity was
generally somewhat lower. In order to increase enantioselectivity even more,
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Figure 4.18 Best hits discovered in a

mutant library created by a single satura-
tion mutagenesis experiment using valine
as the sole building block at a 10-residue

CAST-randomization site in LEH serving as
the catalyst in the hydrolytic desymmetriza-
tion of epoxide 25b (Scheme 4.21). Source:
[72a]/lohn Wiley & Sons.

ISM [76] employing valine and phenylalanine in successive randomization steps
led to the highest enantioselectivities (enantiomeric ratios up to 98 : 2) [72a].
In important control experiments, other amino acids such as serine or proline
were used as the sole building blocks, anticipating that this would not provide
any improved mutants. Indeed, this was observed, which is of mechanistic sig-
nificance because it demonstrates that the rationale behind choosing valine was
correct. (R,R)- and (S,S)-selective mutants were characterized by X-ray structural
analyses, which revealed the distinct changes in the shape of the respective bind-
ing pockets [72a].

Although the apparent success when using the smallest reduced amino acid
alphabet as part of strategy 1 (Scheme 4.13) is indisputable, it cannot be expected
to be general. The choice of the best single amino acid in addition to WT was
fairly straightforward in the epoxide hydrolase case because the binding pocket
of WT is surrounded by hydrophobic amino acids. However, in the case of many
(if not most) other enzymes, the structural situation is more complex, making
the correct choice of a single amino acid as the sole building block at a large
randomization site more difficult. This problem also applies to strategy 2, when
using a single amino acid in addition to WT amino acid.

4.3.5
Triple Code Saturation Mutagenesis (TCSM): A Viable Compromise When Choosing
Optimal Reduced Amino Acid Alphabets in CAST/ISM

Keeping the limitations of using a single amino acid as the smallest reduced
amino acid alphabet in mind, while still being far away from NNK codon
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degeneracy, an option is to choose two amino acids as building blocks (in
addition to WT). This can be called “double codon saturation mutagenesis”
(DCSM) [77], but similar problems can arise as in the case of a single amino
acid. The total structural diversity can be increased further by using three amino
acids as building blocks in a process that has been dubbed “triple code saturation
mutagenesis” (TCSM) when considering large multi-residue randomization
sites [72b]. This option has emerged as a viable compromise between reduced
structural diversity and excessive screening. Three options are then possible
while still keeping screening to a minimum (typically 2000—3000 transformants
or less):

+ Screen less than 95% library coverage.

« Split the multi-residue randomization site into two smaller sites, A and B, and
then apply ISM along pathway A — B or B — A (or both if one of them is not as
unproductive as desired).

Split the multi-residue randomization site into three smaller ones, A, B, and C,
and proceed with ISM exploration.

When choosing strategy 1 according to Scheme 4.13, one and the same
three-membered reduced amino acid alphabet can be employed at all (smaller)
sites derived from splitting a large multi-residue site, or a different triple
code can be chosen at each of the split randomization sites. TCSM proved to
be surprisingly successful, especially when guided by X-ray structural data,
consensus sequence alignment and computational aids [72b, c]. In the first
study, which focused on LEH as the catalyst in the model hydrolytic desym-
metrization of cyclohexene oxide (25b) (Scheme 4.21), a triple code comprising
Val-Phe-Tyr was chosen on structural and mechanistic grounds, which led to
high (S,S)-selectivity (99% ee) and (R,R)-selectivity (89% ee) without resorting to
ISM. (R,R)-selectivity was not quite as high but was boosted to 97% by a single
ISM step [72b]. Therefore, when comparing SCSM with TCSM in the same
model reaction, the latter using three amino acids as building blocks is clearly
superior to the former based on a single amino acid.

In a follow-up study, TCSM was applied to the thermally robust ADH from
Thermoethanolicus brockii (TbSADH) as a catalyst in the asymmetric reduction
of difficult-to-reduce ketones such as tetrahydrofuran-3-one [72c]. WT TbSADH
shows low (R)-selectivity (23% ee). X-ray data and docking computations
revealed five residues to be in contact with the substrate: A85, 186, W110,
L294, and C295 [72c]. In order to make a rational choice regarding the triple
code, NNK-based saturation mutagenesis at all five positions was first per-
formed, with the observed amino acid substitutions that ensure higher (R)- or
(S)-selectivity then being used as building blocks in subsequent TCSM. Based
on the data from the NNK-experiments and X-ray structural information, two
randomization sites were designed: Site A (A85/I86/L294/C295) and Site B
(A85/186/W110/L294). At site A, triple code Val-Asn-Leu was chosen, and
based on all of the available data, mainly (R)-selective variants were expected.
At site B, triple code Val-Gln-Leu was suggested to be optimal, leading to the
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Scheme 4.23 Application of best variants of alcohol dehydrogenase TbSADH as catalysts
in the asymmetric reduction of difficult-to-reduce ketones, evolved by application of triple
code saturation mutagenesis (TCSM). Source: Ref. [72c]/American Chemical Society.

expectation that mainly (S)-selective variants should appear in the subsequent
saturation mutagenesis library. Indeed, the respective TCSM libraries harbored
several highly (R)-selective variants (97-99% ee) and (S)-selective counterparts
(94-95% ee), respectively [72c]. The best variants were used as catalysts in the
asymmetric reduction of other challenging substrates, their products being
synthons for the preparation of a number of important therapeutic drugs
(Scheme 4.23). Therefore, based on these initial studies, TCSM is emerging as
the method of choice for evolving stereo- and regio-selectivity, substrate scope,
and/or activity.

4.4
Techno-economical Analysis of Saturation Mutagenesis Strategies

The above discussions focus on the use of saturation mutagenesis in protein engi-
neering of enzymes in the quest to minimize laboratory work, especially the
amount of screening (bottleneck of directed evolution) [13]. An issue that has
been neglected in directed evolution in general is the question of the number
and respective cost of primers needed when implementing a given mutagenesis
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strategy. Therefore, it is advisable to perform an economic analysis before initi-
ating a directed evolution project [78]. The following points need attention:

« Apply a library quality control, which is cheaper and faster than in the past.

+ Consider the role of primer purity and costs according to supplier information

with and without redundancy.

Compare library quality, yield, randomization efficiency, and annealing bias

using traditional and emergent randomization techniques based on mixtures

of mutagenic primers.

+ Choose the most cost-effective saturation mutagenesis scheme while also con-
sidering the screening costs and other experimental work, in a “compromise”
procedure.

Only a few of the major highlights of this study are delineated here. The
experimental results from which the techno-economical analysis was performed
refer to saturation mutagenesis of P450-BM3 as the catalyst in the regio- and
stereo-selective oxidative hydroxylation of steroids [76]. A total of 12 libraries
were generated by different versions of saturation mutagenesis: (i) Traditional
use of NNK codon degeneracy; (ii) Traditional use of NNS codon degeneracy;
(iii) 22c-trick [79]; and (iv) Tang-approach [80]. In the comparative study,
these different embodiments of saturation mutagenesis aim for the same goal
regarding catalyst improvement, but require different primers and therefore
lead to different costs. Moreover, primer quality and prices vary according to
the supplier. In all cases, the QuikChange protocol (Section 3.3) was used,
but employing a polymerase different from the traditional recipe [78]. The
results of the QQC [16] and the respective quantitative Q-values [52] were
obtained, revealing to what extent the desired diversity was actually introduced
in the codon using a pooled DNA sequence electropherogram [76]. Table 4.5
summarizes the results of this type of analysis as applied to the given case. The
sequence results are summarized in Table 4.6.

Upon comparing the six NNK libraries, it became clear that those using
primers from supplier 3 led to the highest mean Q,,,, value relative to the results
obtained when using primers from suppliers 1 and 2. In the techno-economical
study, only primers from supplier 3 were used thereafter, specifically when
comparing the traditional codon degeneracy, namely the Tang [80] and 22c-trick
[79] approaches [78]. Figure 4.19 reflects the total expenditure, as a function of
screening cost when randomizing a single position using five different saturation
mutagenesis schemes [78].

The data in Figure 4.19 is based on the assumption that the primer cost equals
the fixed cost. However, the economically optimal randomization scheme is
influenced by changes in both primer cost and screening cost, relative to the
fixed cost of the transformation of interest.

Figure 4.20 outlines how cost space, shown in the 2-dimensional plane with
axes as primer and screening costs, becomes partitioned into mutually exclusive
regions. Thus, each of them corresponds to a different optimal choice of ran-
domization procedure. It turns out, for example, that NNK is economically the
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Table 4.5 Quick quality control and Q-values.
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Library specifications with resulting QQC charts and Q-values [78]. The three pie charts in each
column/row correspond to the three positions in a codon. Black = guanidine; green = adenosine;
red = threonine; blue = cytosine.
Source: Ref. [78]/Springer Nature/CC BY 4.0.
first choice when the screening cost is lower than the primer cost by a factor of at
least 4.25, as given by the slope of the line separating the NNK and the 22c-trick
areas. When the screening cost increases, then the 22c-trick becomes optimal,
followed by the Tang approach, and finally by the individual generation of all
20 variants. Generally, the 22c-trick and Tang approaches are fairly similar. In
further analytical refinements, schemes such as the one depicted in Figure 4.20
were modified [78].

These and other analyses, e.g. of annealing probabilities, culminated in sev-
eral general conclusions and guidelines. When the screening costs are high, then
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Table 4.6 Summary of P450-BM3 sequencing results obtained from 96 single colonies
formed on agar plates per library.

Library Successfully Yield >1 base per Non-target Primer Suboptimal Missed
randomized (%) position mutations misinsertions sequencing amino acids

1 68 72.3 19 6 1 2 Met, Asp

2 65 68.4 24 6 — 1 Lys, Asn, His

3 55 59.8 29 5 3 4 Met, Lys, Asn,
Phe

4 54 58.1 37 2 — 3 Ile

5 50 52.1 42 4 — — —

6 64 66.7 27 5 — — —

7 39 41.9 50 4 — 3 Met, Ile, Gln, Trp

8 64 67.4 24 6 1 1 Phe, Tyr

9 57 59.4 37 1 1 — —

10 67 69.8 24 4 1 — Asp, Tyr

11 51 53.7 41 1 2 1 Asp, Tyr

12 65 69.1 23 6 — 2 Lys, Asp, Tyr

Source: Ref. [78]/Springer Nature/CC BY 4.0.

approaches such as the 22c-trick [79] or the Tang-method [80] are economically
superior. A faster and more economical method for performing the QQC is to
use liquid cultures, also presented in this study [78]. It is highly recommended
in order to save time and money when designing directed evolution experiments
using saturation mutagenesis [76, 78]. Of significant practical importance is the
conclusion that QQC should be combined with the Q-values in order to assess
the overall quality of libraries.

It was also shown that primer purity has a notable effect on library yield [78].
Some suppliers offer primers of higher quality than others without additional
purification steps. Researchers are advised to read the details of this study, which
provides guidelines for choosing a randomization scheme optimally as a function
of the screening costs and other experimental parameters [78]. These guidelines
are also of help when applying any PCR-based method for library creation such
as epPCR or DNA shuffling, including combinatorial gene preparation [81], gene
assembly [82], and overlap extension PCR [83]. Finally, yet another cost aspect
that needs to be considered concerns a different approach to mutant library con-
struction [13], namely combinatorial solid-phase gene synthesis (Section 4.5).

4.5
Generating Mutant Libraries by Combinatorial Solid-Phase Gene Synthesis: The Future
of Directed Evolution?

All of the methods of mutant library generation utilizing epPCR, saturation
mutagenesis, or DNA shuffling are PCR-based [13, 83]. As outlined in Section 3.8,
a principally different approach is based on combinatorial solid-phase gene
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Figure 4.19 Total cost as a function of screening cost, when randomizing a single posi-
tion using five randomization schemes. Primer cost is cprimer = 1. Source: [78]/Springer
Nature/CC BY 4.0.

synthesis, which can be used to create mutant libraries at DNA level [84]. In the
seminal study [84a], it was demonstrated that the quality of such synthetic gene
libraries can be considerably higher than that of their respective PCR-based
counterparts, which reduces the screening effort drastically. Nowadays, just
two to three years following the appearance of the best study [84a], researchers
in general can design their saturation mutagenesis libraries, send the genetic
information to an appropriate company, which offers high quality combinatorial
gene synthesis, and receive a few weeks later the respective libraries [84c, 85].

Gene synthesis on micro-chips appears to be the fastest and ultimately cheap-
est [84b]. When applied to mutant library creation for the purpose of directed
evolution, new perspectives emerge. If prices continue to go down, this approach
to library construction can be expected to revolutionize future directed evolution
because the protein engineer can depend on the second law of directed evolu-
tion [13]: You get what you designed (Figure 4.21). This means that all of the time
traditionally invested when applying the molecular biological tools for preparing
saturation mutagenesis libraries can now be invested in the better design of such
mutants. Moreover, due to the distinctly higher quality of synthetic libraries, less
screening is required, and better catalytic profiles can be expected.
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Figure 4.20 Cost space partitioned into regions according to the optimal randomization
scheme (a single randomized position, assuming 100% vyield, and no WT bias). Source:
[78]/Springer Nature/CC BY 4.0.
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Figure 4.21 How to proceed when choosing solid-phase gene for mutant library construc-
tion and evolving selective and active variants.

4.6
Fusing Directed Evolution and Rational Design: New Examples of Focused Rational
Iterative Site-Specific Mutagenesis (FRISM)

As pointed out in a review of methodology development in directed evolution
[12a], and highlighted in Chapter 3, the emergence of FRISM constitutes a signif-
icant advance in protein engineering of selective and active enzymes as catalysts
in organic chemistry and biotechnology [86].

While the results of the initial FRISM-study are indisputably impressive, it
remains to be demonstrated that FRISM is a powerful tool of great generality.
Therefore, it was tested using other enzyme types. For example, FRISM was
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Figure 4.22 Engineering the regioselec-
tivity of UGT74AC2 guided by Focused
Rational Iterative Site-specific Mutagenesis
(FRISM). (a) Key residues lining the accep-

(c) HPLC profiles of the three best mutants
G11Y/Y145F (M1), P12Y/L200W (M2), and
Y392T/T149V (M3). Source: [87a]/With per-
mission of Elsevier.

tor binding pocket. (b) Consensus analysis.

applied to a glycosyltransferase from Siraitia grosvenorii (UGT74AC2), with
the aim of tailoring its glycosylation regioselectivity. Taking the polyhydroxy
compound silybin as the model substrate, WT UGT74AC2 was found to deliver
a product mixture with 22%, 39%, and 39% selectivity on the 3—-OH, 7-OH, and
3,7-O-diglycoside, respectively [87a]. Based on the crystallographic structure
of UGT74AC2, and docking analysis, several residues were assigned as hot
spots (Figure 4.22a). Subsequently, each individual residue was substituted
by a limited number of predictive suggestions, accessed from phylogenetic
analysis (Figure 4.22b), structural information (e.g. introducing steric hin-
drance), as well as application of Baker’s Rosetta computational package.
After two rounds of computational mutagenesis and testing less than 100
variants, three double mutants Y392T/T149V, P12Y/L200W, and G11Y/Y145F
were obtained, which enable 94%, >99%, and >99% selectivity on the 3-OH,
7-0OH, and 3,7-O-diglycoside, respectively (Figure 4.22c). This work clearly
supports the original claim that the application of FRISM in enzyme regio- and
stereo-selective engineering is a viable approach [87b].

FRISM was also applied and extended using other types of enzymes [88].
As noted in Section 3.10, optimally executed CAST/ISM and FRISM are
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complementary rational approaches, the difference being small [89]. In both
options, the Rosetta algorithms [6, 7] or the Damborsky metrics [2a] can be

applied as an aid [12a, 89].
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5

Tables of Selected Examples of Directed Evolution and
Rational Design of Enzymes with Emphasis on Stereo- and
Regio-selectivity, Substrate Scope and/or Activity

5.1
Introductory Explanations

The all-too-often observed insufficient activity, narrow substrate scope, and/or
poor or wrong stereo- and regio-selectivity of enzymes constitute the major
reasons why biocatalysts have not been employed more often in organic and
pharmaceutical chemistry [1]. As noted in Chapters 1, 3, and 4 of the present
monograph, directed evolution has heavily contributed to popularizing the use
of enzymes while also opening new perspectives for biotechnology. The first
study reporting the directed evolution of a stereoselective enzyme involved
a lipase (Chapter 1) [2]. Since then, most of the major enzyme types have
been subjected to directed evolution in successful attempts to enhance and/or
invert enantioselectivity: hydrolases (e.g. lipases, esterases, nitrilases, epoxide
hydrolases, and glycosidases), acylases (e.g. penicillin G), monooxygenases
(e.g. P450 and Baeyer-Villiger enzymes, and monoamine oxidases), reductases
(e.g. alcohol dehydrogenases and enoate reductases), ligases (e.g. aldolases,
oxynitrilases, and thiamine diphosphate-dependent decarboxylases), and lyases
(e.g. aryl malonate decarboxylases). These advances have been summarized in a
previous 2016 monograph [1] and a 2020 review [3], in which tables of examples
of directed evolution with emphasis on selectivity, substrate scope, and activity
were presented, together with information on enzyme type and additional short
comments. Here, we do something similar, which will help protein engineers
when aiming to start new projects (Table 5.1). Selected examples of rational
enzyme design are listed in Table 5.2 similarly, while promiscuous artificial
metalloenzymes are featured in Chapter 7.

Table 5.1 includes typical studies from the recent literature, arranged according
to enzyme type and kind of chemical transformation. The interested researcher
can readily find selected studies focusing on the enzyme type of his/her inter-
est, thereby enabling fast comparison of the different approaches. All major gene
mutagenesis methods are considered, including epPCR, saturation mutagenesis
(SM), iterative saturation mutagenesis (ISM), and DNA shuffling. Although all
of these methods continue to be applied, especially with the aim of influencing
activity, substrate scope, stereo- and regio-selectivity, saturation mutagenesis at

Engyme Engineering: Selective Catalysts for Applications in Biotechnology, Organic Chemistry, and Life Science,
First Edition. Manfred T. Reetz, Zhoutong Sun, and Ge Qu.
© 2023 WILEY-VCH GmbH. Published 2023 by WILEY-VCH GmbH.
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Table 5.1 Selected directed evolution studies of enzymes, many for enhanced stereo- and/or regio-selectivity, higher activity, and/or shifted substrate scope.

Enzyme Evolved property Mutagenesis method Comment References

a-2,6-Sialyltransferase Activity SM, alanine scanning Sialyllactose production [4]
(Photobacterium
damselae)

Alcohol dehydrogenase Enantioselectivity CAST/ISM Induced axial chirality; RNG codon, [5]
(Thermoethanolicus eight-membered reduced amino acid
brockii) alphabet for exploring effect of size

Alcohol dehydrogenase Enantioselectivity; Alanine scanning and Conformational dynamics-guided; both [6]
(Thermoethanolicus substrate scope; site-specific mutagenesis; enantiomers evolved for reduction of bulky
brockii) activity CAST/ISM ketones

Alcohol dehydrogenase Enantioselectivity SM Three phenyl-substituted ketones as substrates [7]
(Thermoanaerobacter
ethanolicus)

Alcohol dehydrogenase Thermostability, activity Combining earlier mutations Preparation of precursor of atorvastatin; [8]
(Lactobacillus brevis) obtained from epPCR; DNA B-FITTER used in the interpretation

shuffling

Alcohol dehydrogenase Enantioselectivity ISM Converted (S)-selectivity to be ambidextrous; [9]

(Candida parapsilosis) amination of racemic alcohols to produce
optically pure amines

Alcohol dehydrogenase Activity, CAST/ISM A degenerate codon set of NDT, VMA, ATG, [10]
(Rhodococcus ruber DSM enantioselectivity and TGG was used; vicinal 1,2-diol and
44541) respective acyloin

Alcohol dehydrogenase (R. Regio- and CAST/ISM Broad substrate acceptance toward compounds [11]
ruber DSM 44541) stereo-selectivity containing two secondary alcohols

Alcohol dehydrogenase Substrate scope CAST NNK codon; substrate channel evolution; [12]
(Pseudomonas putida oxidation of 5-(hydroxymethyl) furoic acid
KT2440)

Alcohol dehydrogenase Activity, stereoselectivity ~ SM 18 CAST residues with NNK codon [13]

(Kluyveromyces polyspora)



Alcohol dehydrogenase (S.
stipites CBS 6054)

Amine dehydrogenase
(Lysinibacillus fusiformis)

Amine dehydrogenase
(Sporosarcina
psychrophila)

Amine dehydrogenase
(Petrotoga mobilis)

Aminotransferase (E. coli)

Amorpha-4,11-diene
synthase (ADS)
Amylosucrase

Amylosucrase (Neisseria
polysaccharea)

Artificial retro-aldolase

Arylmalonate decarboxylase
(Bordatella
bronchoseptica)

Asparaginase (Erwinia
chrysanthemi)

Aspartase (Bacillus sp.
YM55-1)

Activity, stereoselectivity
Activity

Activity

Activity

Activity

Activity

Substrate scope in
glycosylation
reactions

Activity

Stereoselectivity
Racemase activity

Activity

Promiscuous amino acid
lyase activity

SM
SM

CAST/ISM

epPCR; DNA shuffling

Site-specific SM

SM

ISM

SM

SM

Site-directed mutagenesis, SM

epPCR

SM

CAST/ISM, three rounds of mutagenesis

NNK codon; chiral vicinal amino alcohols as
products

31 CAST residues with NNK codon; three
rounds of mutagenesis

Two rounds of epPCR, followed by shuffling

SM performed on 28 residues, followed by
combinatorial mutagenesis; valienamine
synthesis

16 CAST residues with NDT, VMA, ATG, and
TGG codon

Sucrose as donor

Thermostability also improved

Obtained four stereocomplementary catalysts
Cooperative mutational effects

Diminishes enzyme immunoreactivity
important when treating acute lymphoblastic
leukemia

NNK codon; cluster screening of 3 x 10° clones;
single-site SM inefficient, three simultaneous
mutations necessary; (R)-3-aminobutyrate
from crotonic acid plus ammonia

[14]
[15]

[16]

[17]

(18]

[19]
[20]

[21]

[22]

[23]

[24]

[25]

(continued overleaf)



Table 5.1 (Continued)

Enzyme Evolved property Mutagenesis method Comment References

Baeyer- Villiger Activity, cis/trans- ISM Five-membered reduced amino acid alphabet [26]
monooxygenase (PAMO) diastereoselectivity

Baeyer-Villiger Activity, cis/trans- ISM Two 5-residue SM sites; four and [27]
monooxygenase (PAMO) diastereoselectivity five-membered reduced amino acid alphabets

at different residues

Baeyer- Villiger Reversal of CAST/ISM Asymmetric sulfoxidation; extreme cooperative [28]

monooxygenase (PAMO) enantioselectivity mutational effects revealed by fitness
landscape via deconvolution

Baeyer-Villiger Activity SM; epPCR NNK and NDT codons; SM followed by one [29]
monooxygenase (CHMO) round of epPCR

Baeyer-Villiger Cofactor specificity SM; epPCR NNK codon; changed preference from NADPH [30]
monooxygenase (CHMO) to NADH

$3-Glycosidase Zm-p601 Activity SM, site-specific mutagenesis NNM, NNK codon degeneracies [31]
(maize)

Carbonic anhydrase Activity, stability ISM, DNA shuffling CO, sequestration in N-methyl-diethanolamine [32]
(Desulfovibrio vulgaris)

Carboxylic acid reductase Substrate specificity epPCR, site-directed SM Coupled with a growth-assisted screening [33]
(Mycobacterium method
marinum)

Carboxylic acid reductase Activity CAST NDT, VMA, ATG, TGG codon; guided by [34]
(Segniliparus rugosus) molecular dynamics simulations-guided

Carotenoid synthase Substrate scope epPCR C30 and C40 carotenoid synthesis; reading [35]
(Staphylococcus aureus frame correction
C30)

CotA-laccases Activity DNA shuffling Decolorization of azo dyes [36]

D-Amino acid oxidase (from Enantioselectivity ISM Reversed enantioselectivity favoring [37]

porcine kidney)

(R)-product



Deacetoxycephalosporin C
synthase (Streptomyces
clavuligerus)

Ene reductase (OYE;
Saccharomyces
pastorianus)

Ene reductase (Pichia
stipites)

Endoglucanase (E. coli)

Endoglucanase (Spirochaeta

thermophila)

Esterase (Rhodobacter
sphaeroides)

Esterase (Bacillus subtilis)

Esterase (Rhodococcus sp.
ECU1013)

Esterase (Archaeoglobus
fulgidus)

Epoxide hydrolase
(metagenomic)

Epoxide hydrolase
(Solanum tuberosum)

Epoxide hydrolase (Vigna
radiata)

Epoxide hydrolase
(Aspergillus niger)

Flavin reductase (Vibrio
fisheri)

Formate dehydrogenases
(Candida methylica,
Chaetomium
thermophilum)

Activity

Enantioselectivity

Enantioselectivity
Activity

Substrate scope
Enantioselectivity

Enantioselectivity
Activity

Enantioselectivity,
activity
Enantioselectivity;
activity
Stereoselectivity
Stereoselectivity
Enantioselectivity

Activity

Activity

ISM

SM

ISM
epPCR
SM
epPCR

SM, site-specific mutagenesis
epPCR, SM

epPCR, DNA shuffling, SM
ISM

ISM

SM

ISM

SM

ISM

Combining point mutations combinatorially;
ring-expansion of penicillin G to
cephalosporin

Z-f3-aryl--cyanoacrylates as substrates;
-lactams as final products

Baylis-Hillman substrates

Only one epPCR circle; cellulose hydrolysis

Reduced amino acid alphabet; consensus; SM of
loop next to active site; hydrolysis of cellulose
derivative

3cycles

NDT codon; challenging substrate
Substrate channel evolution, cilastatin synthesis

Millions of mutants were screened using a
“dual-channel” microfluidic droplet method
Several substrates

Enantioconvergence
CAST; enantioconvergence

All 24 ISM pathways explored; how to escape
from local minima

Different codon at different positions; prodrug
activation

Reduced amino acid alphabet; transformation
of hydrogen carbonate into formate

[38]

[39]

[40]
[41]
[42]
[43]

[44]
[45]

[46]
[47]
(48]
[49]
(1]

[50]

[51]

(continued overleaf)



Table 5.1 (Continued)

Enzyme Evolved property Mutagenesis method Comment References
Formate dehydrogenase Activity SM NRT codon; CO, fixation [52]
(Chaetomium
thermophilum)
Galactase oxidase Substrate scope CAST/ISM Useful for labeling glycoproteins [53]
(Fusarium sp.)
Geranylgeranyl diphosphate  Activity SM NNK codon; CAST/ISM [54]
synthase (Nicotiana
tabacum)
Glucose dehydrogenase Organic solvent epPCR; DNA shuffling; Two rounds of epPCR, followed by DNA [55]
(Bacillus megaterium) tolerance combinatorial mutagenesis shuffling and then one round of epPCR,
eventually combinatorial mutagenesis
Glutamine dehydrogenase Substrate scope SM NNK at 4-residue site; six million clones [56]
(E. coli) screened; L-homophenylalanine production
Glycosidase Transglycosylation epPCR, DNA shuffling 6-kestose synthesis [57]
(B-fructofuranosidase activity, substrate
/Schwanniomyces selectivity
occidentalis)
Glycosidase Activity ISM Application in vaccine [58]
(N-oligosaccharyl
transferase;
Campylobacter jejuni)
Glycosidase Substrate scope in epPCR Aliphatic alcohols as acceptors [59]
(Arabinofuranosyl transglycosylation
hydrolase; Clostridium
thermocellum)
Glycosidase (cyclodextrin Substrate acceptance ISM 2-0-D-glucopyranosyl-L-ascorbic acid [60]
glycosyltransferase; production

Paenibacillus macerans)



Glycosyltransferase (oled)
Glycosyltransferase UGT51

Glycosyltransferase
CaUGT3 (Catharanthus
roseus)

Glycosyltransferase
(Bacillus licheniformis
ZSP01)

Haloacid dehalogenase
(HAD)-like phosphatase

Halogenase (Tryptophan
7-halogenase RebH)

Halohydrin dehalogenase
(Agrobacterium
radiobacter HheC)

Haloalkane dehalogenase
and ancestral luciferase

Halohydrin dehalogenase

Halogenase Wel05

Halogenase WeL05*

Substrate scope
Regioselectivity

Sugar-donor specificity

Regioselectivity

Substrate specificity,
activity
Activity, regioselectivity

Enantioselectivity,
activity

Promiscuity

Enantio- and
regio-selectivity

Regio- and
diastereo-selectivity

Regio- and
diastereo-selectivity

SM
ISM

SM, site-specific mutagenesis

ISM

SM
epPCR

ISM

Insertion-deletion
ISM

CAST/ISM

SM

Sugar nucleotide synthesis

3-OH selectivity; anticancer ginsenoside Rh2
synthesis

NDT, VMA, ATG, and TGG codons; converted
from UDP-glucose to UDP-xylose

Alanine scanning involved

B-factor and consensus guided
Chlorination; substrate walking

DC-analyzer applied

Backbone mutagenesis; B-factor analysis
revealed enzyme dynamics

NNK codon; kinetic resolution; azido
derivatives of indoles

Fe-dependent; NNK-based SM at 9 residues;
also SKA and VNT codons at additional sites;
consensus; late-stage chlorination of chiral
terpenes

Different codons VIG, AVP, TLA at different
residues; machine learning; three
randomization sites chosen based on docking
and previous mutations; then ML; synthetic
solid-phase library preparation (TWIST);
chlorination of soraphens

[61]
[62]

[63]

[64]

[65]
[66]

[67]

[68]
[69]

[70]

[71]

(continued overleaf)



Table 5.1 (Continued)

Enzyme Evolved property Mutagenesis method Comment References
Halogenase Wi-WeL015 Regio- and CAST/ISM SM using different codons at seven residues; [72]
diastereo-selectivity consensus; late-stage halogenation of
terpenoids
Human glutathione Substrate scope SM NDT and YHC codons; dietary isothiocyanates [73]
transferase (A2-2)
Hydroxynitrilase Activity, epPCR and SM; combining Four substrates for pharmaceuticals production [74]
(Granulicella tundricola) enantioselectivity mutations
Hydroxynitrile lyase Substrate scope, SM 99% ee (S); mechanism of promiscuous [75]
(AtHNL) enantioselectivity retro-nitroaldol reaction revealed
Hydroxynitrile lyase Activity SM Also enhanced acidic tolerance [76]
(Prunus dulcis)
Human $-glucuronidase Substrate scope SM Different codon at different positions; [77]
a-iduronidase activity; reduced
immunogenicity
Human-like L-asparaginase Activity DNA shuffling Potential clinical use [78]
(Homo sapiens)
Imine reductase Activity, thermostability CAST, SM Three CAST cycles, consensus [79]
Laccase (E. coli) Onset potential epPCR, SM Engineered more positive onset potential [80]
Laccase (Pycnoporus Activity ISM NNK codon; oxidation of sinapic acid of lignin [81]
cinnabarinus)
L-Aspartate -decarboxylase Activity SM Alanine scanning for identifying hot spots for [82]
(Pseudomonas dacunhae) SM
L-Aspartate-f3-semialdehyde Cofactor NADH ISM L-homoserine production [83]
dehydrogenase (E. coli) acceptance
Limonene epoxide Enantioselectivity ISM Smallest amino acid alphabets [84]
hydrolase
Limonene epoxide Enantioselectivity ISM Reduced amino acid alphabet [85]
hydrolase
Lipase (Rhizomucor miehei) Activity epPCR Four epPCR cycles [86]



Lipase (Pseudomonas
aeruginosa)

Lipase (CALA)

Lipase (CALA)

Lipase (CALA)
Lipase (CALA)
Lipase A (B. subtilis)
Lipase (CALB)
Lipase (CALB)
Lipase (pancreatic)

Lipase (Pseudomonas sp.
Lip 1.3)

Lipase (Thermomyces
lanuginosus)

Lipase A (B. subtilis)

L-Threonine aldolase
(Bacillus nealsonii)

Lysine decarboxylase
(Hafnia alvei ASI.1009)

Metallo-f3-lactamase
(MBL9)

Monoamine oxidase (A.
niger)

Monoamine oxidase (A.
niger)

Activity,
enantioselectivity

Enantioselectivity

Enantioselectivity

Trans/cis substrate
selectivity

Substrate selectivity (the
chain length)

Enantioselectivity

Enantioselectivity
Enantioselectivity
Activity,
substrate-selectivity
Substrate scope, activity

Stereoselectivity

Enantioselectivity
Diastereoselectivity

Substrate scope
Substrate scope
Substrate scope,

enantioselectivity
Enantioselectivity

ISM

ISM

SM

SM

SM

SM and site-specific
mutagenesis

ISM

SM and site-specific
mutagenesis

epPCR

SM

epPCR, SM

ISM
CAST/ISM

epPCR, DNA shuffling
SM
ISM

Mutator strain

Reduced amino acid alphabet

Reduced amino acid alphabet

Different codon degeneracy at each position;
immobilization on Ni-coated 96-well
microtiter plates

Reduced amino acid alphabet

22c¢-trick [91]; SM performed on three residues
and combined the beneficial hits

Reduced amino acid alphabet; both
enantiomers evolved

Kinetic resolution, reduced amino acid
alphabet, profen-esters

Reduced amino acid alphabet

One cycle only

Entrance channel and lid mutations

Diastereoselective “kinetic resolution”

Both enantiomers evolved

NNK codon; in silico screening synthesis of
B-hydroxy-a-amino acids

Cadaverine production

Different codon at different sites; resistance to
seven antibiotics

(R)-mexiletine synthesis

Deracemization of alkaloids by mutant
obtained earlier via mutator strain

(871
[88]
[89]
[90]
[92]
[93]
[94]
[95]
[96]
[971
(98]

[93]
[99]

[100]
[101]
[102]

[103]

(continued overleaf)



Table 5.1 (Continued)

Enzyme Evolved property Mutagenesis method Comment References
Myoglobin (Physeter Activity, SM, ISM NNK codon; bicyclic lactams as products [104]
catodon) enantioselectivity
Nitrilase (Pyrococcus abyssi) Activity, Complete SM at large region, Dynamic kinetic resolution [105]
enantioselectivity ISM
Nonheme diiron Substrate scope, activity CAST, alanine scanning Guidance by previous studies; azoxy [106]
N-oxygenase AzoC six-membered nitrogen catenation synthesis
Oleic acid hydratase Substrate scope, enantio- ~ SM Asymmetric hydration of aliphatic alkenes [107]
(Elizabethkingia and regio-selectivity
meningoseptica)
P450-bm3 Activity, regioselectivity ISM Bioorthogonal deprotection of caged [108]
compounds
P450-bm3 Regio-, diastereo-, and SM Six-membered reduced amino acid alphabet; [109]
enantio-selectivity simultaneous creation of two chirality centers
P450-bm3 Activity ISM Reduced amino acid alphabet; peroxide-driven [110]
hydroxylation of small alkanes
P450-bm3 Regioselectivity ISM NDT + GCG codon; CAST/ISM; C6 oxidation of [111]
sclareol
P450-pyr (Sphingomonas Regio- and ISM Both enantiomers evolved [112]
sp.-HXN-200) enantio-selectivity
P450-pyr (Sphingomonas Regioselectivity ISM n-Butanol to 1,4-butanediol reaction [113]
sp.-HXN-200)
P450 (Streptomyces Activity ISM Mevastatin to pravastatin by regio- and [114]
carbophilus) stereo-selective hydroxylation
P450-pyr (Sphingomonas sp. Regio- and ISM Subterminal hydroxylation of alkanes [115]
HXN-200) enantio-selectivity
P450 monooxygenase Activity epPCR Four rounds of epPCR, followed by [116]

(Labrenzia aggregata)

combinatorial mutagenesis



P450 (MycG)

P450 monooxygenase
(Streptomyces
antibioticus)

P450 CYP153A
(Marinobacter aquaeolei)

P450 CYP154E1
(Thermobifida fusca YX)

P450 CYP154E1 (T. fusca
YX)

Penicillin G acylase
Peptiligase (Bacillus
amyloliquefaciens)
Phenylalanine
dehydrogenase
(Rhodococcus sp. M4)
Phenylalanine
dehydrogenase (Bacillus
badius)
Phosphotriesterase
(Agrobacterium
radiobacter)
Phosphotriesterase
(Brevundimonas
diminuta)
Phosphotriesterase-like
lactonase (Geobacillus
kaustophilus)

Regioselectivity

Regio- and
enantio-selectivity

Activity and
regioselectivity

Activity, selectivity

Activity, selectivity

Diastereoselectivity
Substrate scope

Substrate scope,
enantioselectivity

Substrate scope,
enantioselectivity
Substrate scope

Promiscuous activity

Promiscuous activity

epPCR

Alanine scanning followed by

site-specific mutagenesis

SM using 22c-trick,
combining mutations
SM, 22c¢-trick

In-house CYP mutants
obtained earlier by SM
were tested followed by
site-specific mutagenesis

SM

Site-directed mutagenesis, SM

ISM

ISM

SM

Insertion/deletion

mutagenesis

Insertion; loop SM

Sequential hydroxylation and epoxidation; [117]
accumulation of mycinamicin V

783-hydroxylation of lithocholic acid enabling [118]
ursodeoxycholic acid production

Terminal o-hydroxylation of octanoic acid [119]

Seven individual site-SM [120]

Production of anti-depressant [121]
(2S,6S)-hydroxynorketamine

NDT codon; both diastereomers evolved [122]

In silico guidance (Rosetta); FRET-based [123]
substrate screening; peptide syntheses

Reductive amination, single enantiomer [124]
evolved

Reduced amino acid alphabet, single [125]
enantiomer evolved

CAST; NNS codon; malathion acceptance [126]

Arylesterase/phosphotriesterase activity [127]

NNK codon; stepwise loop insertion strategy [128]

(StLois)

(continued overleaf)



Table 5.1 (Continued)

Enzyme Evolved property Mutagenesis method Comment References
Polyketide synthase Substrate scope SM Introducing non-native functional group into [129]
(Saccharopolyspora erythromycin
erythraea)
Polyethylene terephthalate Thermostability, activity SM Guidance by CAST and disulfide bridge [130]
hydrolase (Ideonella
sakaiensis)
Polysialyltransferase (nmb) Size distribution of epPCR, SM Potential medical applications [131]
polymeric products
Prolidase Promiscuous activity Site-directed mutagenesis, SM CAST; NNK codon [132]
(Pseudoalteromonas sp.
SCSIO 04301)
Propanediol oxidoreductase Activity, furfural SM Fourteen residues individually targeted; NNK [133]
tolerance
Pyrrolysyl-tRNA synthetase Substrate acceptance SM Unnatural amino acid acceptance [134]
Pyrrolysyl-tRNA synthetase Substrate scope ISM NNK codon-based SM at five sites, three ISM [135]
cycles; modifying proteins by unnatural
amino acids for Cu-free click chemistry
Reductive aminase Substrate tolerance, ISM NNK codon; 96 residues individually targeted; [136]
(Streptomyces purpureus) activity abrocitinib JAK1 inhibitor
RNA polymerase (T7) Substrate scope SM NNB and NNS codons; 2’-O-methyl-modified [137]
RNA synthesis
S-Allylcysteinyl-tRNA Substrate scope SM NNK codon; acceptance of noncanonical amino [138]
synthetase acid S-allyl cysteine (Sac)
Self-labeling protein Fluorescence lifetime SM Ten residues at rhodamine binding site [139]
(HaloTag7) multiplexing subjected to NNK-based SM; biosensor
Signal peptides of unspecific ~ Secretion DNA shuffling Improving UPO secretion in yeast [140]

peroxygenases (UPOs)



SRC Homology 3 (SH3)

Tagatose epimerase
(Pseudomonas cichorii)

Transaminase (CV 2025)

Transaminase (Vibrio
Sfluvialis)

Transaminase (Vibrio
Sfluvialis)
Transaminase (S6)

Transketolase (E. coli) and
-transaminase (ATA117)
Transketolase (E. coli)

Transketolase (Geobacillus
stearothermophilus)

Unspecific peroxidase
(Myceliophthora
thermophila)

Xylanase (Bacillus
halodurans S7)

YfeX

YfeX

Specificity
Substrate scope

Activity
Enantioselectivity,
activity

Activity, robust,
diastereoselectivity

Substrate scope,
stereoselectivity

Stereoselectivity
Substrate scope,
stereoselectivity
Substrate scope,
enantioselectivity
Activity, chemo- and
regio-selective
Activity

Activity

Activity

SM, domain shuffling
ISM

SM
ISM
ISM

epPCR; ISM

CAST/ISM
CAST/ISM
SM

SM; Golden mutagenesis/22c
trick

Site-directed SM
DNA shuffling

Alanine scanning

NNN codon; protein-protein interactions
C3-epimerization of D-fructose and L-sorbose

Phylogenetic analysis

Epoxidation-isomerization-amination enzyme
cascades; formal anti-Markovnikov
amination of olefins

11 rounds of directed evolution; preparation of
chiral Sacubitril precursor

Random mutagenesis followed by several
rounds of ISM; preparation of intermediate
for rimegepant synthesis needed in migraine
treatment

NNK codon; one-pot two-step reaction;
florfenicol synthesis

Consensus-based reduced amino acid library;
single diastereomer evolved

NNS codon; different aldehydes;
(S)-enantiomers formed

Active site and entrance channel; benzylic
hydroxylation

NDT, VMA, ATG, TGG codon; entrance tunnel
tuning; lignocellular hydrolysis

Assisted by a versatile high-throughput GC-MS
approach

C-H functionalization of indoles with
diazoacetonitrile; synthesis of cysmethynil

[141]
[142]

[143]
[144]
[145]

[146]

[147]
[148]
[149]

[150]

[151]
[152]

[153]

Abbreviations of mutational methods: epPCR (error-prone polymerase chain reaction); SM (saturation mutagenesis); ISM (iterative saturation mutagenesis); CAST

(combinatorial active-site saturation test). In some cases, CAST or ISM was actually used, but the authors did not employ these acronyms. Then the column on

mutagenesis method simply lists SM (saturation mutagenesis). ADH and carbonyl reductase represent essentially the same enzyme type.



Table 5.2 Selected studies of rational enzyme design (more publications are listed in Chapter 7 which features protein engineering of artificial

metalloenzymes).
Enzyme Evolved property Mutagenesis method Comment References
4-Dimethylallyltryptophan Regioselectivity, Site-specific mutagenesis Docking and steric hindrance-guided [154]
synthase substrate scope mutagenesis
4-Hydroxyphenylacetate Regioselectivity Site-directed mutagenesis Guidance by structural alignment [155]
3-hydroxylase (4HPA3H)
Acyltransferase MsAcT Activity, substrate scope Site-specific mutagenesis Increased acyl transfer to hydrolysis ratio [156]
(Mycobacterium
smegmatis)
Acyltransferase (EstA) Selectivity Rationally combining known Structural guided; promiscuous activity toward [157]
6-O-acetylation mutations by site-specific acetylating sugars
mutagenesis
Acyltransferase (LovD) Kinetics, stability Rational deconvoluting Improve the activity with 15 less mutations [158]
known mutations
Acyltransferase (PestE) Activity Rational site-specific Enhance the hydrophobicity of active site [159]
mutagenesis
Alcohol dehydrogenase Stability/solvent SM and site-specific Enantioselectivity not reported [160]
(Candida parapsilosis) resistance mutagenesis
Amidase (Rhodococcus Enantioselectivity Site-directed mutagenesis Desymmetrization of meso O-heterocyclic [161]
erythropolis AJ270) dicarboxamides, both enantiomers evolved
Amino acid racemase (P. Organic solvent Rational site-directed Exchanging surface residues for arginine to [162]
putida) tolerance mutagenesis; DNA enhance enzyme stability
shuffling
Aminotransferase (AGT1) Stability/frustration Site-directed mutagenesis Guidance by normalized B-factor [163]
balance
Ancestral p-lactamase Substrate specificity Site-specific mutagenesis Conformational dynamics-guided; allosteric [164]

GNCA

interactions; 21 amino acid exchanges;
preference for penicillin degradation



Arylsulfatases and
phosphonate monoester
hydrolases

Cancer genes

Carboxylesterase
(Proteobacteria bacterium
SG_bin9)

Deacetoxycephalosporin C
synthase (Streptomyces
clavuligerus)

D-Threonine aldolase
(Filomicrobium
marinum)

Envelope glycoprotein E2
(Hepatitis C virus)

Epoxide hydrolase (Vigna
radiata)

Esterase (Pseudomonas
fluorescens)

Glycoside hydrolases

Glycosyltransferase (Oryza
sativa)

Glycosyltransferase
UGT74AC2 (Siraitia
grosvenorii)

Iron(IIT)-mimochrome VI
(peroxidase)

Lipase (CALA)

Promiscuous activity

Tumorigenesis

Enantioselectivity

Substrate specificity,
activity

Stereoselectivity

Stability, antigenicity
Enantioselectivity
Substrate scope,

enantioselectivity
Activity

Regioselectivity

Regioselectivity

Activity

Acyltransfer activity

Site-directed mutagenesis

SM

SM

FRISM

Site-specific mutagenesis

De novo design
Site-directed mutagenesis

Site-specific mutagenesis, SM,
combining mutations

Rational site-specific
mutagenesis

Rational site-specific
mutagenesis

FRISM

Site-specific mutagenesis

Site-specific mutagenesis; 28
variants generated

catalytic promiscuity through single-point
mutations

568 mutational cancer genes; in silico SM using
machine learning

Rational design at residues lining substrate
binding pocket

Rosetta-guided FRISM design

Catalytic mechanism-guided mutagenesis

Loop tuning; Monte Carlo sampling

Enantioconvergent preparation of
(R)-hexane-1,2-diol
In silico guidance

Consensus analysis; transglycosylation

Enhanced p (1-2) glucosylation and eliminated
B (1-6), consensus analysis
Insilico design of the building blocks

Introduction of two 2-aminoisobutyric acids
into artificial peptide-based peroxidase

Out of 28 rationally designed variants a single
hit

[165]

[166]

[167]

[168]

[169]

[170]
[171]
(172]
(173]
[174]

[175]

[176]

[177]

(continued overleaf)



Table 5.2 (Continued)

Enzyme Evolved property Mutagenesis method Comment References
Lipase (CALB) Diastereo- and FRISM Unconventional kinetic resolution using a [178]
enantio-selectivity racemic ester and a racemic alcohol; four
FRISM pathways leading to four different
mutants catalyzing four different
stereoisomers, each with 95-99% selectivity
L-lactate dehydrogenase Activity Site-specific mutagenesis Consensus-guided; cascade with production of [179]
(Plasmodium falciparum) (S)-2-hydroxy butyric acid
Methionine Substrate selectivity Rational site-specific Rational guidance by “bump-and-hole”; [180]
adenosyltransferase mutagenesis converting substrate recognition from L-Met
(Homo sapiens) to L-Metol
Peptiligase (Bacillus Activity, substrate scope Site-directed mutagenesis Rational guidance by previous mutations/X-ray [181]
amyloliquefaciens) data; [14 + 14]-mer segment condensation
Photosensitizer protein Activity Site-specific mutagenesis Endowed photocatalytic CO,-reducing ability [182]
(PSP) with formation of CO
Serine ester hydrolase Substrate promiscuity Site-specific mutagenesis Guidance by structure, mechanism, and MD [183]
(EH102) data; combining mutations; stereoselectivity
not involved
Sortase A (Streptococcus Substrate specificity; Loop grafting Guidance by both sequence and structural [184]
pyogenes) activity alignment
Squalene hopene cyclase Diastereoselective Rational site-directed Combining point mutations combinatorially [185]
(Alicyclobacillus cyclization mutagenesis
acidocaldarius)
Sucrose phosphorylase Activity, thermostability Site-directed mutagenesis FireProt-guided mutagenesis [186]
(Leuconostoc

mesenteroides)



TIM barrel protein STIM11

P450-bm3

P450-bm3

Photodecarboxylase
(Chlorella variabilis)

Polyethylene terephthalate
hydrolase (Ideonella
sakaiensis)

stability

Activity, regioselectivity

Catalytic mechanism

Substrate scope, activity,
stereoselectivity
Thermostability, activity

Rosetta design

Site-specific mutagenesis
exploiting previous
mutations obtained by SM

Site-directed mutagenesis,
FRISM-guided

FRISM

Site-specific mutagenesis

Hydrophobic repacking; epistatic effects
observed when stabilizing mutations from
different regions

Cembranoid diterpenes; regio- and
stereo-selective hydroxylation

Switching P450 monooxygenase into
peroxidase; combined with a rationally
designed dual-functional small molecule

Kinetic resolution; decarboxylative deuteration

Guidance by previous studies and X-ray
structures

[187]

[188]

[189]

[190]

[191]

SM: saturation mutagenesis; FRISM: focused rational iterative site-specific mutagenesis.
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sites lining the binding pocket in the form of combinatorial active-site saturation
test (CAST) has emerged as the most reliable approach, often in a recursive man-
ner (ISM) (see Chapters 3 and 4). Indeed, a recent literature search by the authors
has revealed that various forms of saturation mutagenesis are used most often
when manipulating these catalytic parameters, generally guided by structural,
mechanistic, computational, and sequence data.

Table 5.1 is meant to be representative, not comprehensive. In the vast major-
ity of studies based on saturation mutagenesis, randomization was focused on
sites lining or near the binding pocket (first and second sphere residues), which
means that the CAST [192] was employed. In many cases, the authors of the cited
papers in Table 5.1 used this convenient acronym to distinguish the process from
focused randomization at remote sites for other purposes, but in other studies,
the term CAST was not mentioned. In those cases, Table 5.1 shows the term SM
(saturation mutagenesis), although it is basically CAST. In some studies, several
mutagenesis methods were applied, in which case this information is also indi-
cated. While Table 5.1 lists selected directed evolution studies, Table 5.2 contains
typical rational design publications generally with focus on the binding pocket,
although the distinction may not always be perfectly clear due to the fact that the
two approaches have merged [193].
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6

Protein Engineering of Enzyme Robustness Relevant to
Organic and Pharmaceutical Chemistry and Applications in
Biotechnology

6.1
Introductory Remarks

Increasing the robustness of enzymes under operating conditions for appli-
cations in organic chemistry and biotechnology has been the goal of protein
engineers for almost four decades [1] (see also Chapter 1). The different kinds
of forces stabilizing proteins and the influence of mutations have been dis-
cussed [2]. A discussion of whether the traditional thermodynamic hypothesis
of folding should be questioned has recently appeared [3]. A concise review of
current advances in the design and engineering strategies of industrial enzymes,
including thermostabilization methods, has appeared [4]. Up-to-date reviews of
progress in process engineering, which include immobilization techniques for
enzyme stabilization, are available [5].

Asin the case of enzyme selectivity, the two protein engineering approaches are
rational design (Section 6.2) and directed evolution (Section 6.5), sometimes both
being utilized in a given project. Both rational enzyme design of protein robust-
ness, as summarized by V.G.H. Eijsink in 2004 [6], and the directed evolution
option [7] rely on similar guidelines, which are as follows:

« Introduction of salt bridges
 Construction of H-bond networks
Construction of disulfide bonds

« Phylogenetic analysis (consensus)

» Previous mutational data [8]

Structural and mechanistic information
Molecular dynamics (MD) computations

It has been found that certain enzymes in hyperthermophilic organisms have
more salt bridges, mainly on the protein surface, relative to those in mesophilic
organisms. Thus, these can be identified and introduced in homologous
enzymes (consensus principle). Further insights can be gained in a monograph
on extremophiles medicine and pharmaceutical industries [9]. Moreover, the
loss of salt bridges generally results in a decrease in stability, although other
parameters may be improved (tradeoff effect). The introduction of salt bridges [6]

Engyme Engineering: Selective Catalysts for Applications in Biotechnology, Organic Chemistry, and Life Science,
First Edition. Manfred T. Reetz, Zhoutong Sun, and Ge Qu.
© 2023 WILEY-VCH GmbH. Published 2023 by WILEY-VCH GmbH.

233



234

6 Protein Engineering of Enzyme Robustness Relevant to Organic and Pharmaceutical Chemistry

is particularly important because they lead not just to enhanced thermostability
and also to higher resistance to hostile organic solvents [10]. More perspectives
regarding the stability-function tradeoff in proteins have been documented in a
recent comprehensive review [11].

6.2
Rational Design of Enzyme Thermostability and Resistance to Hostile Organic Solvents

It is worthwhile to remind the reader of an older, yet highly important study
reporting rational design of enzyme robustness in which many of the above bul-
let points were considered [12]. It set the stage for further refinements and novel
developments. The moderately stable protease TLP-ste from Bacillus stearother-
mophilus was turned into a hyper-stable homolog by introducing only a limited
number of point mutations (Figure 6.1). Briefly, amino acids were first replaced
by considering equivalent residues of well-known robust proteases (consensus
strategy). Designed disulfide bonds were also constructed, and the mutations
were combined. The best mutant functioned well even at 100 °C (Figure 6.2).
Most of the mutations were considered to induce stabilizing effects that are due
to a reduction of entropy, i.e. such mutations as Gly — Ala or Ala—Pro and disul-
fide bonds cause rigidification.

Fortunately, solving the problem of insufficient enzyme thermostability
and/or resistance to hostile organic solvents by rational design is usually less
challenging than rationally enhancing or reversing stereoselectivity MTR625.
Today, protein engineers essentially utilize the same guidelines as listed in

Figure 6.1 Overlay of the eightfold mutated between N60C and G8C is indicated in
TLP-ste variant. The substitutions (A4T, yellow. The zinc ion is shown in light blue.
T56A, G58A, T63F, S65P, and A69P) are Source: Ref. [12]. Copyright (1998) National
depicted in red, and the disulfide bridge Academy of Sciences, U.S.A.
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Figure 6.2 Residual activity and stability determined for TLP-ste at 80°C (A) and 90°C
(+), thermolysin at 90°C (A), and the eightfold mutant at 100°C (@). Source: Ref. [12].
Copyright (1998) National Academy of Sciences, U.S.A.

Section 6.1, except that a number of important refinements and improvements
have since been reported. A prime advance is the RosettaDesign package used
for a variety of purposes, not just for stability enhancement [13]. An early
application of Rosetta concerns the thermostabilization of the homodimeric
hydrolase yeast cytosine deaminase (yCD) having 153 residues, its natural
function being the conversion of cytosine to uracil [14]. It was known to undergo
irreversible unfolding at elevated temperatures, probably due to undesired
aggregation. Target sequences threaded onto a template backbone were first
evaluated by an energy function. A Monte Carlo procedure was then applied for
searching sequence space. It was started with a random sequence in which single
amino acid rotamers were replaced by a rotamer derived from the Dunbrack
backbone-dependent rotamer library [15]. The Dunbrack algorithm enables a
Bayesian statistical analysis of conformations of side chains, based on X-ray data
of the Protein Data Bank. In the Rosetta study, the next step involved energy
reevaluation. Low-energy sequences were identified and retained for further
consideration. Residues participating in catalysis and those within 4 A of the
active site were “held fixed,” while the remaining 65 residues were treated in
reevaluations by introducing thereat all amino acids except cysteine. Following
the computational predictions, site-directed mutagenesis was used to generate
and test the mutants. Several predictions proved to be correct, e.g. a triple
mutant with an increase in apparent melting temperature T, of 10°C and a
30-fold increase in half-life at 50 °C (Figure 6.3).

Based on the crystal structures of the double and triple mutants and the
analysis of residue-by-residue packing, it was concluded that in the enzyme
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Figure 6.3 Temperature melt measuring (a) and activity half-life measurements (b). Source:
Ref. [14]/American Association for the Advancement of Science.

core residues pack more closely, and that about 70 A2 additional buried surface
results as a consequence of three mutations (Figure. 6.4). The structure of the
active site remains as in wild-type (WT). Due to potential practical applications,
it was important to study the mutational effects in vivo, and therefore a strain of
Eshcherichia coli dependent on cytosine deaminase was engineered and trans-
formed with the mutant yCD and WT. In this case, the stabilizing effects turned
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(b)

Figure 6.4 (a) van der Waals representation  of V108 in WT (left) and the substitution
of sites A23 and 1140 in WT yCD (left) and V108l in the triple mutant (right). Source:
the substitutions A23L and 1140L in mutant  Ref. [14]/American Association for the
(right); (b) van der Waals radii representation Advancement of Science.

out to be modest, but the authors concluded that “there is no obvious reason
why additional mutations predicted by the program could not be iteratively
incorporated into the enzyme core, resulting in a panel of catalysts that display
sequential increases in thermal stability.”

RosettaDesign for protein thermostabilization has also been used in more
recent studies [16a], sometimes in combination with rationally designed
disulfide bonds [16b-e]. In one investigation, Rosetta was compared to the
traditional consensus technique (“back to consensus”) [17]. Accordingly, an
E. coli transketolase served as the enzyme, and both approaches proved to be
similarly successful. The best variant showed a threefold enhanced half-life
at 60 °C and an increase in T,, of 5 °C, which are somewhat modest. The
Rosetta program reached a prediction accuracy of 65%. In yet a different
study with important implications regarding practical applications, a “Rosetta
scan” was included [18]. Since it is more related to a semi-rational directed
evolution approach coupled with fluorescence-activated cell sorting (FACS) (see
Chapter 2), it will be highlighted in Section 6.4.

In another study featuring a different computational approach, the automated
structure- and sequence-based design of a human acetylcholinesterase (hAChE)
having enhanced stability and improved heterologous expression was reported,
an enzyme that mediates synaptic transmission [19]. The computational strat-
egy involved application of the consensus technique [20] and RosettaDesign [21],
leading to a variant with 51 mutations. It has a 20 °C higher thermostability rel-
ative to WT, while also showing a 2000-fold higher expression level in E. coli.
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The algorithm requires X-ray structural data and only a few dozen sequences
of natural homologs and is available free of charge at http://pross.weizmann.ac
.l. An analysis of the origin of improvements revealed increased core packing
as well as modified surface polarity and backbone rigidity (Figure 6.5). The same
approach proved to be successful in the directed evolution of human histone dea-
cylase SIRT6, DNA methyltransferase Dnmt3a, and bacterial phosphotriesterase.

In other work, the notion of designed salt bridges and H-networks for
enhancing protein stability has been extended and refined to include resistance
to hostile organic solvents, recently illustrated by a study of the enzyme Bacillus
subtilis lipase A (BSLA) [22]. In previous efforts, the authors had performed
semi-rational NNK-based saturation mutagenesis with the creation of a mutant
library BSLA-SSM, which was screened for variants showing improved resistance
to 1,4-dioxane (DOX), dimethylsulfoxide (DMSO), and 2,2,2-trifluoroethanol
(TFE) [23]. At each of the 181 residues of BSLA, mutations covering all 20
canonical amino acids were introduced (total of 3440 variants), assuming the
absence of amino acid bias. In the new study, the data were utilized for identi-
fying more efficient salt bridges, specifically by considering salt bridges that are
formed in the presence of organic solvents but absent in water. For this purpose,
salt bridges were replaced by two residues having the same charge. As shown
by MD computations, this leads to local flexibility in the presence of organic
solvents, tight attraction, and ultimately higher resistance to hostile organic
solvents and even enhanced thermostability. The correlation between enhanced
thermostability of mutants and higher resistance to denaturing processes in the
presence of organic solvents is well-known in protein engineering [24, 25].

A number of predictions at various hotspots were made and their respective
variants were evaluated in the laboratory. Information regarding the actual
number of such mutants was not provided, which would have been important
in a final assessment of this approach. To identify possible additive mutational
effects [26] and to achieve further improvements, certain recombinations of
mutations were considered at substitutions D34K, D64K, D144K, and K112E, 11
BSLA recombinants being prepared and tested for solvent resistance using crude
culture supernatants (Figure 6.6). Relative to WT BSLA, all of them showed
increased resistance to DOX, DMSO, and TFE. Especially double mutant
D64K/D144K proved to be quite efficient, exhibiting a 6.6-fold, 5.3-fold, and
7.6-fold improved resistance against DOX, DMSO, and TFE, respectively. In this
study, various other mutational combinations were discussed, and the origin of
improvements was identified. For example, in D34K/D144K, two suboptimal
salt bridges were replaced, leading to 3.0-4.2-fold higher resistance to the three
hostile solvents [22].

The thermostability of some of the variants was also improved relative to
WT BSLA, a result that is not overly surprising. Typical examples are shown in
Figure 6.7 [22]. In summary, this study is a good example of modern rational
enzyme design of a lipase with improved robustness. Further examples using
other enzyme types would be needed for a final evaluation. From the viewpoint
of laboratory effort, time, and costs, it would also be interesting to see how
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BSLA mutants. Source: [22]/John Wiley & Sons.

semi-rational directed evolution approaches (Section 6.5) would work in the
case of BSLA. Such comparisons have not been made to date.

Several other key studies on rational protein thermostabilization deserve
mention [27]. In summary, a number of recent advances have been made in
the rational design of thermostability and resistance to hostile organic solvents.
The development of user-friendly algorithms for reliably predicting hotspots
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Figure 6.7 The thermal resistance assay of BSLA WT and its variants. Source: [22]/John
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was and still is an essential aspect of this ongoing research. Sometimes a given
technique, e.g. Rosetta program, can be incorporated as one of the helping aids
in the directed evolution approach to thermostabilization (Section 6.5).

6.3
Ancestral and Consensus Approaches and Their Structure-Guided Extensions

The ancestral technique for protein stabilization, first published in 1990 [28],
assumes that early ancestors of today’s organisms had higher thermostability
than extant homologs. The method has not been applied very often, but interest-
ing variations continue to be published [29]. In a study focusing on the B-subunit
of DNA gyrase, the ancestral method was compared experimentally with the
consensus strategy [29a]. The approach was also applied to the directed evolu-
tion of fungal Mesozoic laccases, in which thermostability and pH stability were
improved [29c] A review on ancestral resurrection covering a variety of differ-
ent applications, including the development of a vaccine against SARS-CoV-2
(but not of Covid-19), has recently appeared [29d].

The consensus approach for increasing the robustness of proteins is based
on the alignment of orthologous proteins, leading to the identification of
the most prevalent amino acid at a given position. The predicted mutations
are then introduced into a small mutant library for screening [20a]. Early
examples of using such multiple sequence alignments (MSAs) focused on the
thermostabilization of a fungal phytase [30] and a 3-lactamase [31]. Interesting
variations followed [32], including the use of Bayesian sequence-based algo-
rithms applied to serine protease sequences in the quest, to identify stabilizing
interactions in subtilisin E (increase in melting temperature by 13°C) [33].
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In another consensus study, the esterase from Aspergillus fumigatus was
likewise stabilized [34]. A 24-fold longer half-life at 50 °C relative to the WT
esterase was observed, which was related to the formation of new hydrogen
bonds.

Low levels of sequence identity often exist, which means that consensus
residues at a given position cannot be determined reliably. A step forward was
the development of the structure-guided consensus approach [20, 35]. In the
latter study, the challenging problem of thermostabilizing penicillin G acylase
(PGA) was solved. It is a difficult endeavor because it involves a large het-
erodimeric enzyme (o subunit 23 kDa and f3 subunit 63 kDa). The two subunits
of eight known class ITa PGA sequences were separately aligned. This enabled
the identification of 109 out of the 766 possible positions in E. coli PGA, which
were different in E. coli. They occurred in more than 50% of the other sequences.
In order to reduce the number of substitutions, the following structural criteria
were applied [35]:

« Only mutations that are more than 10A away from the active site were
considered.

« Mutations in a helix were considered only if they are not helix-destabilizing
amino acids.

« Existing H-bonds or salt bridges were left intact.

« Stabilizing mutations previously reported in the literature were not considered.

This data-driven consensus procedure provided a dozen improved variants
(out of the predicted 21) with little tradeoff in activity. Two of them displayed
an almost threefold higher half-life at 50° C. It is important to note that
none of the computational guides available at the time (FoldX, PROSA, or
SCRATCH) predicted these variants [35]. The same group also championed
the structure-guided consensus approach in the thermostabilization of glucose
dehydrogenase [36].

In an interesting twist on the subject of consensus-based thermostabilization,
design using binary polar/nonpolar patterning [37] was explored without
phylogenetic bias [38]. The authors called attention to the fact that “because
the sequences of natural proteins generally derive from a common ancestor,
they tend to be heavily biased by evolutionary relationships.” This is something
to keep in mind [7]. Nevertheless, numerous studies utilizing the consensus
approach for thermostabilization have proven to be successful [39-41].

6.4
Further Computationally Guided Methods for Protein Thermostabilization

Various computationally guided approaches to protein thermostabilization
have been developed, sometimes in combination with structural and/or
sequence data [42]. The respective algorithms predict a certain number of
point mutations that are expected to be stabilizing, typically several dozen.
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A small library comprising these single mutants is then generated and tested,
of which only a fraction usually prove to be hit, which are then combined.
The DeGrado-algorithm, which can be used for various applications including
thermostabilization, is an early example [43]. Another computational package is
the set of Rosetta algorithms that have been used successfully a number of times
for increasing thermostability [44], see Section 6.2. An automated protocol as
part of RosettaDesign has been developed, which can predict stabilizing point
mutations that improve insufficiently packed protein cores [44c].

In the most recent computational approach, an algorithm dubbed Protein
Engineering Supporter (Proteus) was developed, in which stabilizing mutational
pairs in target 3-dimensional structures can be predicted [45]. It assumes that
when two residues do not interact, exchanging them by an interacting pair will
enable protein stabilization. Importantly, such an exchange is suggested only
if the main-chain conformation of the pair is maintained and no steric burden
is introduced. Several case studies were presented using enzymes of industrial
interest, including Bacillus polymyxa p-glucosidase (biofuel production), lipase
II from Rhizopus niveus, and a lysozyme enzyme. The stabilizing interactions
were identified mostly as H-bonds, ionic interactions, and disulfide bonds. The
workflow illustrated in the Proteus server is shown in Scheme 6.1. Several other
approaches are highlighted in more detail in Sections 6.4.1-6.4.5.

6.4.1
SCHEMA Approach

In Chapter 3 [46, 47], the SCHEMA technique in directed evolution has already
been described, which can be used for enhancing the robustness of proteins [47].
For example, the cellobiohydrolase (CBH) I from Hypocrea jecorina was sub-
jected to a type of SCHEMA [48]. Unlike traditional SCHEMA recombination
libraries based on swapping elements of sequence, elements of structure in the
form of “blocks” are shuffled among homologous proteins. These elements
need not involve contiguous polypeptide sequences. Structural blocks among
H. jecorina CBH 1 and two thermostable homologs from Talaromyces emersonii
and Chaetomium thermophilum were subjected to swapping, and a subset of
CBHIs from a library of 5000000 possible chimeric sequences was analyzed.
Central to NCR is the creation of a graph from non-native residue-residue
contacts with nodes that correspond to residues and edges corresponding to
non-native contact. In this approach, minimal cuts that partition the graph
are identified, thereby minimizing the SCHEMA disruption. Several variants
within two blocks were found to stabilize H. jecorina CBHI, the best one being
characterized by one-point mutation, which results in the stabilization of
this industrially important enzyme by 3 °C. Unfortunately, for an unknown
reason, combining other stabilizing mutations failed to increase thermostability
to a useful and practical level. The authors suggest that their approach can
be improved by prioritizing point mutations on the basis of the consensus
approach [48].
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6.4.2
FRESCO Approach

Yet another approach to protein thermostabilization was called framework for
rapid enzyme stabilization by computational libraries (FRESCO), as illustrated
in Figure 6.8 [49a]. In the first step, three algorithms are used to identify
stabilizing mutations, namely Rosetta ddg [49b], FoldX [50], and the newly
developed dynamic disulfide discovery (DDD). These computational tools for
choosing stabilizing mutations predict the respective change in the energy of
folding (AAG™!9). In steps 2 and 3, false positives are removed by filtering out
unreasonable mutations and eliminating variants in which protein flexibility is
increased. In step 4, experimental screening is performed prior to combining
the most stabilizing mutations in the fifth step (Figure 6.8). A detailed experi-
mental protocol with applications and additional citations [51] provides a good
opportunity to learn the method [27b]. Only the basics are presented here.

The technique was originally applied to limonene epoxide hydrolase from
Rhodococcus erythropolis DCL14 [49a]. Upon screening a library of 64 predicted
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Figure 6.8 FRESCO strategy for protein thermostabilization. Source: Ref. [49]/Oxford
University Press.
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variants, 21 stabilizing mutations were found in flexible but also in rigid
regions of the enzyme. Thus, the computational “error-rate” amounts to 43 false
predictions. As a result of combining 10-12 of the experimentally stabilizing
mutations, several multi-site mutants resulted showing an impressive increase
in apparent melting temperature from WT 50 to 85 °C and a more than 250-fold
longer half-life, enhanced catalytic activity and maintained regioselectivity
also being observed. Control experiments showed that the orthogonal in silico
screening is necessary for success. For example, when applying only FoldX, a
significant number of predicted stabilizing mutations proved to be neutral or
even destabilizing. According to the authors, the sole use of Rosetta ddg would
have predicted only the introduction of aromatic amino acids on the protein
surface, a known problem when attempting in silico design.

In a second study, the crystal structures of two of the most stable epoxide
hydrolase variants allowed a detailed structural analysis of the source of ther-
mostabilization [52]. Variants LEH-P and LEH-F1b are characterized by 8 and
12 mutations, respectively. Both carry the identical eight point mutations S15P,
A19K, E45K, T76K, T85V, N92K, Y96F, and E124D, the latter variant also having
four point mutations that allow the formation of two disulfide bonds (I5C-E84C
and G89C-S91C). The crystal structure of LEH-F1b is shown in Figure 6.9.

All of the stabilizing point mutations occur on or near the surface of the
enzyme. Many of the beneficial mutations lead to stronger H-bonds that

I5C-E84C

G89C-591'C

Figure 6.9 Positions of 12 stabilizing muta-  buried hydrophobic residues are shown in
tions as revealed by the crystal structure of  black. Proline residues in loops are in purple
the LEH-F1b and P dimers. Mutations intro- and disulfide bonds are in yellow. Mutations
ducing surface-located positively charged are indicated once per dimer. Source: Ref.
residues are shown in blue, surface-located  [52]/John Wiley & Sons.

negative charges are shown in red, and
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stabilize the local protein structure, the most important ones being localized
inside or near the flexible N-terminus, and to a lesser degree in helices 3 and 4.
The S15P mutation enhances the enzyme’s melting temperature by 1.0°C,
whereas the formation of a disulfide bridge increases it by about 14-15°C.
A comparison of FRESCO with B-FIT and consensus was also made, although
these methods were not directly applied to this epoxide hydrolase. It was shown
that both FRESCO and B-FIT predict amino acid substitutions at positions 5, 15,
and 92. However, FRESCO also led to mutations at positions that are not flexible
and that would have been missed by B-FIT. FRESCO in turn misses some of the
flexible positions predicted by B-FIT.

In another work, FRESCO was used for stabilizing the haloalkane dehaloge-
nase from Sphingomonas paucimobilis [53]. A mere 150 predicted mutants were
experimentally tested, of which 18 were found to be stabilizing. Thus, the vast
majority of suggested mutants do not fulfill the predictions. Why the success
rate of FRESCO was so poor, was not explained. A combined mutant, generated
by selecting three stabilizing point mutations remote from the active site and
one disulfide bond, led to an 11 °C increase in thermostability. The best vari-
ant was produced by choosing other combinations of stabilizing point muta-
tions, including several that are close to the active site. This resulted in a 23°C
increase in apparent unfolding temperature over WT and a 200-fold lower rate of
inactivation. Fast and optimal application of the three algorithms requires some
experience.

6.4.3
FireProt Approach

In techniques such as FRESCO, the best-predicted point mutations are combined
into a final variant, which may indeed result in improved protein stability, but
also in a detrimental effect due to possible nonadditivity [26]. In contrast, it has
been claimed that an alternative method called FireProt directly delivers variants
characterized by multiple mutations [54]. The method combines two concepts,
the energy- and evolution-based approaches (Figure 6.10). Among other steps,
the performances of four prediction tools, FoldX [50], Rosetta [49b], ERIS [55],
and CUPSAT [56], are evaluated using the ProTherm dataset. Additionally,
the best multiple-point mutants derived from predictions of AAG following
mutation based on a set of crystal structures and evolutionary information
obtained from multiple sequence alignment are combined. Intelligent pre- and
post-processing filters need to be employed in order to maximize prediction
reliability.

FireProt was applied to the haloalkane dehalogenase DhaA, which resulted in a
notable increase in thermostability (AT, =24.6 °C), albeit at a 3.2-fold reduction
in enzyme activity. A second enzyme, gamma-hexachlorocyclohexane dechlori-
nase (LinA) was also subjected to FireProt, which resulted in AT,, =20.9 °C [54].
Subsequently, it was used in the thermostabilization of a sucrose phosphorylase
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Figure 6.10 Workflow of the FireProt method. Individual steps involved in the energy- and

evolution-based approaches. Source: Ref. [54]/PLOS/CC BY 4.0.

(SPase), which catalyzes transglycosylation [57]. Due to the low thermostability
of this enzyme, SPase has not been exploited industrially. The authors developed
a semi-rational design strategy that combined FireProt with structure-function
analysis and molecular dynamics (MDs) computations (Figure 6.11). A single
mutant T219L and a combination of mutations in the form of variant Mut4
(I31F/T219L/T263L/S360A) were obtained, showing notably enhanced ther-
mostability. The half-lives at 50 °C of the two mutants increased twofold. On
the practical side, the industrially important a-p-glucosylglycerol was obtained
efficiently from sucrose and glycerol (196 g17!) [57]. The utility of FireProt was
recently reviewed [58]. It should be mentioned that SPase has been stabilized
by immobilization on a solid support in a microstructured continuous flow
format [59]. A product yield of a-p-glucosylglycerol (85%) was achieved as well
as high productivity (500mMh~!) and product titers up to 800 mM. Due to
the different experimental setups, comparison with the FireProt approach is

difficult.
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Figure 6.11 Prediction of the candidate residues for mutagenesis. Source: Ref.
[57]/Springer Nature/CC BY 4.0.

6.4.4
Constrained Network Analysis (CNA) Approach

The so-called constrained network analysis (CNA) has been championed as a
novel and effective computational guide to protein thermostabilization because
it can identify weak spots in an enzyme [60]. It is based on a graph-theory rigid-
ity analysis and therefore sets the stage for rational site-specific mutagenesis or
saturation mutagenesis. The correlation of protein rigidity and thermodynamic
stability is the basis of the method, as in other approaches. A protein is modeled
as a constraint network in a “body-and-bar” representation followed by rigidity
analysis leading to the identification of rigid clusters of atoms having no internal
motion and flexible links in between. The rigidity analysis is performed by appli-
cation of the pebble game algorithm. In one study [61], CNA nicely explained a
number of mutations in the lipase A from Bacillus subtilis, which had been engi-
neered earlier by other research groups [62-64]. The primary features of CNA
are promising because it:

« Offers a refined modeling of thermal unfolding simulations, which include

consideration of temperature dependence of hydrophobic tethers.

Enables rigidity analyses on ensembles of network topologies on the basis of

either structural ensembles or fuzzy noncovalent constraints.

+ Provides a computed set of global and local indices needed in quantifying pro-
tein stability.

In a practical advance, VisualCNA was developed, which is a user-friendly
PyMol plug helpful in rapidly establishing a setup for CNA runs and analyses
thereof [65]. Figure 6.12 outlines the general scheme of VisualCNA [61]. In a
recent CNA study, the endo-f3-glucanase EGLII from Penicillium verruculosum
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Figure 6.12 Schematic representation of
VisualCNA. (a) Illustration of the technique’s
iterative work flow for optimization of pro-
tein thermostability. (b) PyMOL window
showing the 3D protein structure at the
melting point. Rigid clusters are shown as
uniformly colored semi-transparent bod-
ies. Constraints due to hydrogen bonds,
salt bridges, and hydrophobic contacts are
shown as red, magenta, and green sticks,
respectively. A mutation is shown in yellow
stick representation. Flexible regions are
shown in gray. (c) The VisualCNA Analyze

panel showing a comparison of multiple
graphs from wild-type (black) and mutant
(red) analyses. 1: Global indices with tran-
sition points indicated as vertical lines. 2:
Local index with a red circle indicating the
mutation, and a horizontal red line showing
the unfolding state. 3: Difference stability
map between wild-type and mutant. 4: Like-
lihood of a residue being a structural weak
spot with the mutant shown in red. Source:
Rathi et al. [65]/with permission of Oxford
University Press.
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served as the enzyme, which is important in the food industry [66]. A twofold
improvement in thermostability was reported. It will be interesting to see how
often this approach will be applied in future directed evolution studies, and
whether it can be generalized to include other types of enzymes.

6.4.5
Alternative Approaches

Nowadays, essentially all studies on protein thermostabilization are guided by
computational techniques, sometimes utilizing strategies similar to previous
ones [7]. In an interesting contribution, a statistical computationally assisted
design strategy (SCADS) was applied to the terpene toabacco 5-epi-aristolochene
synthase (TEAS) [67]. The DeGrado-algorithm was applied [43], which enables
predictions on the basis of side-chain interactions with the neighboring protein
backbone. The activity of WT TEAS as a catalyst in the cyclization of farnesyl
diphosphate (FPP) to 5-epi-aristolochene breaks down at temperatures above
40°C, in contrast to a mutant having 12 point mutations, and which is active
at 65°C. Some problems with inclusion bodies were encountered. Focused
saturation mutagenesis experiments at selected hot spots were not performed,
which would probably lead to further improvements [67].

In an integrated approach for thermal stabilization of a mesophilic adenylate
kinase, multiple stabilization techniques were applied, including bioinformatics-
and structure-guided protocols [68]. Local structural entropy (LSE) played a
major role in this endeavor, which is an empirical descriptor for describing
conformational variability in short stretches of protein sequence computed
on the basis of structural information available in the Protein Data Bank [69].
It was extended by including sequence-based techniques for stabilization [70].
Using previous mutational data [71], the integrated approach led to a variant
showing a 25 °C increase in its thermal denaturation midpoint [68]. The crystal
structures of three variants were obtained, which led to an insight into the
origin of enhanced robustness. A different computational approach provided
an adenylate kinase displaying a 21.5°C increase in T,, [72]. In this study, 100
predicted variants were tested experimentally, the best one having mutations
quite different from the ones generated by the integrated approach. This shows
that very different strategies may lead to notably stabilized proteins, but the
effects on a molecular level can be very different.

In what has been termed “a divide and combine approach” to thermal
stabilization, the focus shifted to larger and non-fully cooperative proteins
that are actually more abundant [73]. The key to success in such systems is to
identify the regions of lower stability (Figure 6.13). A stepwise combination of
structure-based and rationally designed mutations at such regions was employed
in the thermostabilization of an engineered apoflavodoxin, the final variant
displaying a 32°C increase in melting temperature. Thus far, the underlying
concept has not been used very often [74].
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Figure 6.13 Divide and combine approach
to protein thermostabilization featuring
unfolding equilibria of a three-state pro-
tein. (a) Ribbon cartoons representing the
conformation of apoflavodoxin in the three
states populated in its thermal unfolding
equilibrium. The native state is represented
by the crystal structure of the WT protein
(PDB ID: 1FTG), the intermediate state by
the solution structure of the F98N vari-
ant (PBD ID: 2KQU), and the unfolded state
by one of the 2000 conformations calcu-
lated for the unfolded ensemble using the
ProtSA server. The low-temperature transi-
tion (T,) signals the unfolding of the less
stable region, leading to an equilibrium
intermediate. The high-temperature tran-
sition (T,) represents the unfolding of the
intermediate, leading to the unfolded state.

The free energy difference between the
native and the intermediate conformation
(AG,,) is termed relevant stability of the
protein, while that between the intermediate
and the fully unfolded conformation (AG,))
is termed residual stability of the protein.
(b) Simplified scheme depicting a protein
with two structural regions of different sta-
bility (less stable region in cyan, and more
stable one in pink) and the likely effects of
mutations on T, and T,. Type 1 mutations,
those introduced in the unstable region or
at its interface with the more stable one,
will mainly modify the relevant stability of
the protein. Type 2 mutations, those intro-
duced in the more stable region, will only
modify the residual stability of the protein.
Source: Ref. [73]/Springer Nature/CC BY 4.0.

Finally, protein thermostabilization has been achieved by systematically
designing salt bridges [75]. Using this computational approach for enhancing
the robustness of a f3-glycosidase, 10556 surface salt bridges in 6493 X-ray
structures were analyzed statistically. The model was coupled with B-factors,
weighted contact number, relative solvent accessibility, and conservation screen-
ing. Electrostatic pairs at five positions were identified, and the combination
of three of them led to an increase in T,, of 15.7°C [75]. As in many other
new approaches, it remains to be seen to what extent this technique can be

generalized [7].
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6.5
Directed Evolution of Enzyme Thermostability and Resistance to Hostile Organic
Solvents

The utility of saturation mutagenesis for increasing enzyme robustness was
first applied to enhance the oxidative stability of a protease in the presence
of H,0,, the screening process, leading to two different mutants in which
Ser or Ala replaced the oxidatively sensitive methionine, respectively, with
dramatically enhanced oxidative stability [76]. As outlined in Chapter 1, the first
case of non-focused random mutagenesis for increasing thermostability, using
two mutagenesis/screening cycles, ushered in the era of directed evolution of
thermostability and provided the basis for further advancements. In the 1990s
numerous studies followed in which epPCR and/or saturation mutagenesis at
hot spots as revealed by the random mutagenesis process were applied, while
occasionally DNA shuffling was also tested [77a, b]. This development has
continued to this day [77c-g]. As pointed out previously [7], the use of protein
display systems such as yeast display for enhanced enzyme stability has been
reviewed [77f].

Two other strategies also deserve mention. In one approach, a thermophilic
error-prone strain from Geobacillus kaustophilus was engineered by deleting
functional DNA repair genes, and then used in directed evolution of protein
thermostabilization [77h]. This concept and related techniques [78] still need to
be tested on a broad basis. In a different development, B. subtilis spore display
of a laccase under extreme conditions of high concentrations of hostile organic
solvents proved to be successful [79], but it is currently not clear how general
this approach is [7].

It is difficult to compare the viability of the various strategies because differ-
ent enzymes were used as well as different robustness indices. Many researchers
reported melting temperatures (T,,), Ts, values (temperature at which 50% of
enzyme activity is lost after heating for a given period of time), or half-life at a
defined temperature. Different assessments also result depending upon whether
purified, partially purified enzymes, whole cells, or lysates are used in such mea-
surements because robustness also depends upon the interaction of enzymes
with other proteins and different biomolecules. Different kinds of strategies for
stabilizing enzymes in organic solvents have been summarized, including pro-
tein engineering, chemical modification, immobilization, and the use of addi-
tives [40].

Importantly, structural and mechanistic insights were gained by studying the
origin of thermal stability of thermophilic enzymes, which indicated higher
rigidity due to mutations. [80] Therefore, a central hypothesis was to increase
the rigidity of thermally sensitive enzymes by introducing structure-guided
point mutations, which counteract the natural flexibility. In some of the early
directed evolution studies at least a few of the discovered point mutations were
interpreted on a molecular level. Such factors as newly formed salt bridges,
H-bonding interactions, disulfide bridges, introduction of proline for reducing
conformational flexibility, and/or interior hydrophobic packing effects were
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invoked [77, 81]. Unfortunately, many of the observed mutations could not
be rationalized [7]. The likely possibility that some of the accumulated point
mutations are actually superfluous was not considered. In 2005, comprehensive
review articles appeared, showing that epPCR and/or DNA shuffling, which
require no structural data, were the most often used mutagenesis methods
during the period 1995-2007 [77c-e]. These reviews also stress the importance
of kinetic versus thermodynamic stability. Since then a trend toward more
“rational” strategies in laboratory evolution has emerged in which structural,
sequence, and/or computational information is cleverly exploited. The sequence
data-based consensus approach, first developed for stabilizing antibodies [20a],
has been applied in the quest to enhance enzyme robustness for a long
time [20b]. It is still used today, often augmented with structural data, which
then constitutes a powerful strategy (see below). One of the central themes has
been and continues to be the controlled rigidification of flexible sites or regions
in a protein [41e].

An interesting early approach is the PROSIDE method, according to which
designed large mutant libraries generated by random mutagenesis are evaluated
by selection procedures based on phage or ribozome display systems [82]. In the
absence of any guiding information, which is actually quite rare, epPCR and DNA
shuffling are recommended even today. Several recent reviews cover all current
approaches to protein engineering of enzyme robustness and consider the fol-
lowing properties [40, 41].

« Kinetic and thermodynamic thermostability.

* Resistance to hostile organic solvents including ionic liquids.
 Oxidative stability.

« Tolerance to different pH ranges.

An unusual technique for enhancing enzyme robustness does not require
any changes in the sequence of the target enzyme, and therefore constitutes a
completely different approach. Insertional fusion of enzymes to a thermophilic
host protein is the underlying strategy [83]. Since evolvability is less difficult
when using robust enzymes [84], it has been stressed that the idea of utilizing
thermophilic enzymes for the directed evolution of other parameters such as
selectivity and activity should be considered more often than in the past [85].
Deep learning in protein structural modeling and design is also noteworthy, of
potential use in directed evolution and rational design [86].

Whereas progress in developing advanced methods for protein stabilization
has been made in recent years, it is not evident which approach promises to be
truly general and most effective [7]. Consequently, the situation is fundamentally
different from evolving stereo- and regioselective enzymes in which saturation
mutagenesis at sites lining the binding pocket has emerged as the method of
choice (see Chapters 1-4). Several computational tools useful as guides when
applying directed evolution for enhanced robustness have been developed (see
Section 6.8). In the sections that follow, selected recent examples illustrating
methodology development are critically analyzed. For the assessment of other
case studies, the reader is referred to an excellent review [41a].
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6.6
Application of epPCR and DNA Shuffling

Both epPCR and DNA shuffling continue to be used in protein stabilization,
and indeed some degree of improvement can always be expected in laboratory
evolution, irrespective of the mutagenesis strategy or method [7]. For example,
a mutant of the insect a-carboxylesterase from Lucilia cuprina, which had
been evolved earlier to accept organophosphate insecticides, was subjected to
directed evolution to increase its thermostability [87]. Four rounds of epPCR
were assessed according to the following simple procedure. About 100000
random variants were plated onto agar plates and then replicated on filter
paper, which was subsequently incubated at defined temperatures for one
hour. Then the filter paper was immersed in a solution containing 2-naphthyl
acetate. Colonies showing the highest activity were selected and pooled for the
subsequent epPCR cycle. The final variant contained six new point mutations
and displayed notable esterase activity after heat treatment at 54°C for one
hour, whereas WT showed no activity under the same conditions. Three of
the mutations occur on the enzyme surface (Met364Leu, Lys530Glu, and
Asp55Gly), the others are in the interior (Ile419Phe, Ala472Thr, and Ile505Thr).
The structural basis for this notable improvement was partially elucidated with
the realization that Ile419Phe fills space in a hydrophobic cavity [87]. The result
of filling hydrophobic cavities with concomitant increase in thermal stability is
a well-known mutational effect [88]. However, the interpretation of the other
mutations proved to be difficult. Although an enormously high number of
transformants had to be screened, the assay is fairly simple to perform.

The robustness of the feruloyl esterase from Aspergillus niger was also
improved, an enzyme that is instrumental in the selective degradation of
lignocellulose [89]. In an initial attempt using the PoPMuSiC algorithm [90] as a
computational guide, a slightly improved variant with two point mutations was
generated, but the degree of thermostabilization was far from meeting industrial
standards. Much higher stability was needed to decrease the likelihood of
microbial contamination, support the disorganization of the raw material
(lignocellulose in biomass), and promote enzyme penetration. Using the pre-
viously generated double mutant as a template, epPCR was applied with the
formation of a 40 000-membered library. About 10 000 colonies were screened by
a UV/Vis-plate reader that monitors the formation of 2-chloro-4-nitrophenolate
(425nm) formed upon hydrolysis of 2-chloro-4-nitrophenyl ferrulate [89c].
A mutant with 12 additional mutations was identified showing 80% residual
activity after heat treatment at 90 °C for 15 minutes. It was also demonstrated
that ferulic acid was smoothly released from steam-exploded corn stalk as
typical biomass (Figure 6.14).

In the successful attempt to enhance the robustness of the homodimeric
haloperoxidase from Streptomyces aureofaciens, epPCR was also used [91].
A 1000-membered library was assayed in the halogenation of chlorodime-
done. The best mutants show moderately enhanced thermostability, but
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Figure 6.14 Catalytic performance of a variant of the feruloyl esterase from Aspergillus
niger in the degradation of steam-exploded corn stalk as biomass. Source: Ref. [89]/With
permission of Elsevier.

Table 6.1 Specific activity, Ts,, and 1-propanol stability of WT and mutant BPO-A1
haloperoxidases.

BPO-A1? Specific activity T5 (°C) Residual activity in 40%
(kUg1) (v/v) 1-propanol (%))
Wild-type 56.4 80.6 25.9+3.0
Mutant HT177 59.6 82.0 554 +41
Mutant R114H 50.3 81.9 63.2+4.3
Mutant N146H 78.7 80.4 20.3+5.3
Mutant HT507 101.7 84.5 152+3.2
Mutant G106S 99.4 81.1 33.5+24
Mutant V1481 117.5 83.7 7.60 +1.2

a) Mutants HT177 and HT507 were obtained by directed evolution. MutantsR114H, N146H, G106S,
and V1481 having single-amino-acid-substitutions were constructed by site-directed
mutagenesis.

b) The data represent the averages of 2 independent experiments.

Source: Ref. [91]/With permission of Elsevier.

increased resistance to a variety of different solvents such as 1-butanol
(Table 6.1). Mainly surface mutations occurred. It was deduced that the a-helix
was stabilized and that the interaction between subunits contribute to the
improvements.

Further studies based on random mutagenesis or DNA shuffling have
appeared. To boost the robustness of the haloalkane dehalogenase from
Rhodococcus rhodochrous toward heat and organic cosolvents, epPCR was first
performed, leading to the identification of a stabilizing mutation at the access
tunnel [92]. Therefore, the access tunnel was explored mutationally more closely
by saturation mutagenesis, which provided the best mutant showing an increase
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in melting temperature of 19 °C and a notable resistance to DMSO as cosolvent.
It would be interesting to apply iterative saturation mutagenesis (ISM) to this
enzyme (see also Section 6.3 featuring the SM-based B-FIT approach).

In most directed evolution studies, only one property such as thermostability
was targeted [7]. However, a particularly challenging task is to improve several
properties (simultaneously), e.g. thermostability, alkaline stability, and activity,
all needed for practical applications. The example featured here concerns the
directed evolution of the xylanase from B. subtilis, in which thermostability, sta-
bility at pH 8, and activity were all improved [93]. In an earlier study, the authors
had performed two rounds of epPCR, and assayed in each case about 12000
transformants with a prescreen based on halo formation on solid agar contain-
ing Congo Red [93b]. This was followed by alternating DNA shuffling and further
epPCR cycles while varying the “selection pressure.” The workflow is shown in
Figure 6.15.

The best variant has six point mutations with a temperature optimum at
80°C under alkaline conditions (pHS8) and a threefold increase in specific
activity [93b]. The total number of transformants screened in the overall process
was not reported, but this work shows that with a well-designed strategy and
a great deal of experimental work the difficult problem of mastering several
enzyme properties for real (industrial) applications can be solved. Several other
approaches to xylanase optimization (although not always addressing several
parameters) have been reported, generally also relying on epPCR and DNA
shuffling [94].

Screening of thermostable
@l mutants +
(Ruller et al. 2008)

Y ¢

epPCR + DNA shuffling

epPCR of native xylanase
Screening at pH 8, 55 °C

G2 +
G2 SCREENING
pH 12, 55 °C

G3 SCREENING
pH 12, 80 °C

Figure 6.15 Workflow in the directed evolution of an improved xylanase. Source: Adapted
from Ref. [93b].
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To enhance the activity of the thermostable 3-1,3-1,4-glucanase from Pae-
cilomyces thermophilia at acidic pH where it is needed in such industrial
applications as beer brewing and animal feed, the combination of epPCR and
DNA shuffling was applied. A variant characterized by three point mutations
shifted the optimum pH from 7.0 to 5.0 with no tradeoff in thermostability,
opening the way to practical applications.

The old idea of focusing saturation mutagenesis on the residues identified by
epPCR for further thermostabilization [95a] or enhanced stereoselectivity [95b]
is still used occasionally today [7]. Thermostability studies based on epPCR
and/or DNA shuffling continue to appear [96, 97]. An interesting example
pertains to the thermostabilization of aldehyde dehydrogenase by epPCR and
saturation mutagenesis at such hot spots for application in synthetic cascade
biomanufacturing [96b].

In a recent study, the lipase from Pseudomonas fluorescens was thermostabi-
lized by application of epPCR [98].

6.7
Saturation Mutagenesis in the B-FIT Approach

The B-FIT approach to enzyme thermostabilization utilizes focused saturation
mutagenesis, and if necessary with ISM [99]. The choice of randomization sites is
made on the basis of B-factor values available from X-ray data. In a first step, the
average B-factor values of all residues are obtained with the help of the computer
aid B-FITTER, available free of charge from one of the authors (http://kofo.mpg
.de/en/research/biocatalysis). It automatically lists the average B-factor values of
all residues in a protein, starting from the highest to the lowest values. Residues
exhibiting high average B-factors indicate positions of flexibility. Therefore, six
to eight such residues are normally chosen for saturation mutagenesis. As in the
case of CAST/ISM for enhancing or inverting stereoselectivity, statistical factors
concerning library coverage and oversampling need to be considered (Chapters
3 and 4). Typically, residues exhibiting the highest average B-factors are grouped
into 2- or 3-residue randomization sites, followed by saturation mutagenesis and
possibly ISM.

B-FIT-based ISM was first applied to the lipase from B. subtilis (Lip A),
leading to a variant characterized by five point mutations with significantly
increased apparent thermostability [99]. Complete deconvolution allowed the
construction of a fitness pathway landscape with 5! = 120 trajectories leading
from WT Lip A to the best-evolved mutant. A theoretical analysis of the results
revealed pronounced cooperative mutational effects occurring on the surface of
the lipase in the form of a continuous H-bond network [100]. Biophysical and
biochemical characterization including protein NMR spectroscopic studies, cir-
cular dichroism, X-ray structural analyses, and combining thermal inactivation
profiles uncovered an interesting surface effect that results from the muta-
tions [101]: Upon heat treatment, WT Lip A undergoes undesired irreversible
aggregation with precipitation, whereas the “robust” variant aggregates at
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and thermally treated *°N-labeled Lipase ment. (d) Recovered after 80 °C treatment.
A mutant XI. (@) 1D *H spectra. (b-d) 2D Source: Ref. [101]/John Wiley & Sons.
[**N,*H]-HSQC spectra of mutant XI Lipase

higher temperatures to a significantly lower extent. Reduced aggregation and
precipitation of the unfolding intermediates were shown to be responsible for
activity retention at higher temperatures. The NMR spectroscopic investigation
of the native and the thermally treated >N-labeled Lip A variant showed that it
recovers almost all of the natural conformation after heat treatment and cooling
to ambient temperature, in agreement with activity recovers. After heating and
cooling the variant shows a conformation that is almost identical to the heat
untreated enzyme, as identified by peaks in 1D'H and 2D [®N, 'H]-HSQC
spectra (Figure 6.16) [101].

It was also discovered that not 100% of the enzyme is recovered in its native
fold. In a different study, it was demonstrated that the same evolved Lip A variant
is also tolerant to hostile organic solvents such as acetonitrile, dimethylsulfoxide,
and dimethylformamide [24]. The possible role of irreversible aggregation and
precipitation propensity of thermally unfolded states of WT enzymes have not
been addressed very often when performing directed evolution [24, 97j], a sub-
ject that needs further attention in the future. When reporting only T, values,
the true cause of enzyme improvement may not be fully evident, a caution that
should be heeded in all protein engineering studies.

The thermostability of the epoxide hydrolase from A. niger was increased
to a significant notable extent degree using B-FIT/ISM [102]. Eight of the 356
residues showing the highest average B-factor values as well as four crystallo-
graphically unresolved and possibly likewise flexible residues were considered.
The 12 residues were then grouped into six 2-residue randomization sites A, B,
C, D, E, and F for NDT-based saturation mutagenesis. Several but not all theoret-
ically possible upward ISM pathways were explored, leading to the best variant
with a 21 °C increase in the T506° value, an 80-fold improvement in half-life at
60°C, and a 44 kcal mol~! improvement in inactivation energy. ISM exploration
also provided seven other variants characterized by 10-14°C increases in
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T,%° values, 20-30-fold increase in half-lives at 60°C, and 15-20 kcal mol™*

elevations in inactivation energy. In several cases, a given library failed to

contain improved variants, which means that a local minimum on the fitness
landscape (dead end) was encountered. Such an event is not at all rare in the
directed evolution in general, irrespective of the mutagenesis method. In such
situations, a simple strategy to escape from these local minima was applied
[103], namely by utilizing a non-improved or even inferior mutant in the library
as a template for the subsequent ISM step. In a curiosity-driven experiment,
a neutral variant and an inferior one were used in otherwise the same ISM
scheme, and the inferior template led to better results (Figure 6.17) [102].

The cellulase from Trichoderma reesei served as the enzyme for economically
saccharifying cellulosic biomass in the production of biofuels [104]. Using the
B-FITTER computer aid, 10 residues with high B-factors were identified and
grouped into 7 randomization sites. Amino acids with high B-Factors are spatially
close to the N- or C-termini, but possible disulfide bridges or N-glycosylation sites
were not considered. A total of 11 000 transformants were screened, which led
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Figure 6.17 Results of limited ISM explo- codon degeneracy was used except when
ration starting from the best mutant, performing saturation mutagenesis at site D,
GUY-003 (site B), and the worst mutant, in which case NNG codon degeneracy was
GUY-007, in the initial round of saturation applied. Source: Ref. [102]/John Wiley &
mutagenesis at sites A-F. In all cases, NDT ~ Sons.



Table 6.2 Summary of additional typical B-FIT studies of enzymes for enhanced thermostabilization and/or robustness.

Enzyme E.C. Organism Structures Comment Reference

Lipase A 3.1.1.3 Bacillus subtilis X-ray 10 sites were selected and NNK-based SM was [62a]
applied

Lipase 3.1.1.3 Thermomyces lanuginosus X-ray Also involved ISM technology [112]

Lipase 3.1.1.3 Rhizomucor miehei X-ray Improved thermostability based on B-factor [113]
SM

Cutinase 3.1.1.74 Glomerella cingulata X-ray Improved thermostability using B-FIT [114]

Choline oxidase 1.1.3.17 Arthrobacter X-ray Also improved thermostability using B-FIT [115]

cholorphenolicus

Phospholipase D 3.1.4.4 Streptomyces antibioticus X-ray Single-point mutants and then combinations [116]
of double and triple mutants

Epoxide hydrolase 3.3.2.3 Aspergillus niger X-ray Explored evolutionary pathways and [102,117]
enhanced stereoselectivity with maintained
activity

Type A feruloyl esterase 3.1.1.73 Aspergillus usamii Homology Combined with PoPMusiC algorithm [99]

Endo-1,4-3-galactanase 3.2.1.89 Talaromyces stipitatus Homology Supported by consensus technique and [118]
PoPMusiC

Endoglucanase I 3.2.14 Trichoderma reesei X-ray Increased the activity in parallel [104]

ADP-glucose 2.7.7.27 Zea mays Homology In combination with ISM [107]

pyrophosphorylase

Xylanase 3.2.1.8 Psychrobacter sp. strain Homology Combined with focused epPCR [119]

2-17

Alcohol dehydrogenase 1.1.1.1 Pseudomonas putida Homology combination of consensus data and SM [120]

PedE KT2440

3-Quinuclidinone reductase 1.1.1.B51 Rhodotorula rubra X-ray Improved thermostability using B-FIT [121]

Uronate dehydrogenase 1.1.1.203 Agrobacterium tumefaciens Homology Consensus not possible; AT,,'* =3.2°C [122]

Xylanase 3.2.1.8 Aspergillus oryzae Homology ISM; T, up to 61°C [123]

Lipase PAL 3.1.1.3 Pseudomonas aeruginosa X-ray SM for reducing stability (see Section 3.3.11) [124]

Lipase C 3.1.1.3 P. aeruginosa Homology Sevenfold increased thermal stability; SM was [125]
applied

y-Lactamase 3.5.2.B2 Microbacterium X-ray Eight flexible residues with high B-factor [126]

hydrocarbonoxydans

values were chosen for SM
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to about 500 variants showing higher activity in the reaction of carboxymethyl
cellulose following preincubation at 50 °C for 45 minutes. From this collection,
70 variants were sequenced, many of which showed notably enhanced robust-
ness. Combining point mutations led to further improvements in some cases.
The triple mutant G230A/D113S/D115T displayed a higher melting temperature
by 3 °C and increased half-life at 60 °C (¢, = 161 hours versus 74 hours of WT).

The high number of other B-FIT studies leading to the thermostabilization
of enzymes does not surprise, after all, the choice of the focused random-
ization sites is rational and logical. Examples include P. fluorescens esterase
[105], feruloyl esterase from Aspergillus usamii [99], Penicillium expansum
[106], endo-1,4-3-galactanase from Talaromyces stipitatus [101], ADP-glucose
pyrophosphorylase [107], Pseudomonas aeruginosa lipase C [108], Burgholderia
lipase [109], rhamnogalacturonan I lyase from Bacillus licheniformis [110], and
Bacillus Acidopullulyticus pullulanase [111]. In the last two cited studies, B-FIT
was compared with two other strategies based on the consensus approach (see
Section 6.5) and the PoPMuSiC computational aid. B-FIT proved to be the
superior strategy [110, 111]. Table 6.2 lists typical B-FIT studies including the
most recent contributions.

A different development, which can be considered to be an extension of B-FIT,
has been dubbed Active Center Stabilization (ACS) [127]. Accordingly, the active
site is viewed as a fragile part of the enzyme as a whole, especially when consid-
ering the role of enzyme conformation, dynamics, and activity during the dena-
turing process [6, 128]. Consequently, it was postulated that rigidifying the active
site by saturation mutagenesis at the respective residues of high B-factors should
enhance protein robustness. However, in view of the insight that a certain degree
of flexibility in the binding pocket is needed for maintaining high activity [129],
too much rigidification should be avoided [130]. The flowchart of ACS is shown
in Scheme 6.2.

Examples of ACS involve the thermostabilization of Candida antarc-
tica B (CALB) [127a] and lipase I from Candida rugose (Lip I) having 534

Selecting hjghly flexible residues
within 10 A of catalytic residue

¥

Performing saturation mutagenesis at the targeted
sites and screening the stable mutants

L 2

Combining the mutants by iterative
saturation mutagenesis (ISM)

L 2

Analyzing the mechanism of the improved rigidity
based on the structures of the mutants

Scheme 6.2 The workflow of ACS strategy for improving enzyme stability. Source: Ref.
[127b]/Springer Nature/CC BY 4.0.
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Figure 6.18 (a) Thermostability assay of Lipl mutants. (b) Evaluation of the residues fluc-
tuation in WT and variant based on normalized B-factors. Source: Refs. [127b, c]/Springer
Nature/CC BY 4.0.

residues [127c]. The 18 residues surrounding the binding pocket of Lip I with
highest B-factors were chosen for saturation mutagenesis (Figure 6.18). In five
cases improved thermostability was found. Upon combining positive mutations
sequentially, two different best variants were identified with increased T,
values of 12-13 °C and a 40-fold enhancement of half-lives [127c]. It remains to
be seen how general ACS is.

6.8
Iterative Saturation Mutagenesis (ISM) at Protein - Protein Interfacial Sites
for Multimeric Enzymes

In a very different study, ISM was developed in which neither CAST nor B-FIT
participate. Instead, randomization sites were chosen at a protein-protein
interface of a dimeric enzyme [131] for introducing mutations that prevent
dimer dissociation, because strengthening the inter-subunit interface would
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Figure 6.19 Thermostabilization of PcDTE mutations from the first round (green bar).
following application of ISM [131]. (a) Ther- Mutation D164E was excluded in combina-
mostability, expressed as the T§8 value, of tions as no improved variant could be iden-

all variants involved in this study: PcDTE tified during ISM. (b) Residual activity curves
wild-type (red bar), hits obtained in the of WT PcDTE, variants 1-38, and variant 8C
first SM round (black bars), variants 2-8 fitted to a second-order sigmoidal function.
obtained by ISM (blue bars), and variant Source: Ref. [131])/John Wiley & Sons.

8C obtained by combination of the eight
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counteract disintegration [131]. The homodimeric p-tagatose 3-epimerase from
Pseudomonas chichoriii (PcDTE) served as the model enzyme. Initial application
of B-FIT provided only a slightly improved variant, and the introduction of
inter-subunit disulfide bonds failed completely. Therefore, the PcDTE crystal
structure was analyzed for interfacial interactions using the software PDBePISA
[132], giving rise to 44 residues as potential candidates for saturation muta-
genesis. Three of these residues hardly contribute to the buried surface area
and were therefore excluded from further consideration, as were 10 highly
conserved residues, which were thought to fulfill other important functions.
Each of the remaining 31 residues were subjected to NNK-based saturation
mutagenesis. In nine libraries thermally improved hits were identified, the best
variant being F157Y. Then ISM was applied, leading to an enormous increase in
thermostability (Figure 6.19). Less than 4000 transformants had to be screened.
This approach is likely to be useful in the future for improving the robustness of
multimeric proteins [7].

6.9
Conclusions and Perspectives

As aforementioned, there are currently numerous rational and directed evolu-
tion studies on enhancing protein robustness from which the protein engineer
can choose. The readers may therefore want to know what to apply best in a given
new project. As an answer, we propose two general types of strategies (i) using the
methodology that has been successfully deployed for proteins belonging to the
same superfamily, and (ii) combining distinct approaches to improving robust-
ness that generates optimal mutants for subsequent applications in organic and
pharmaceutical chemistry as well as biotechnology while eliminating suboptimal
ones. As a note of caution, the user must make sure that stability improvement is
not achieved at the expense of selectivity. In general, genetic optimization of pro-
tein robustness is easier than protein engineering of stereo- and/or regioselective
enzymes (see also Chapter 1).
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7
Artificial Enzymes as Promiscuous Catalysts in Organic and
Pharmaceutical Chemistry

71
Introductory Background Information

As will be shown in this chapter, artificial metal-free enzymes and artificial
metalloenzymes continue to play an intriguing role in synthetic organic and
pharmaceutical chemistry [1]. Artificial metalloenzymes deserve particular
mention. Some are formed by the introduction of a transition metal complex
into an appropriate protein scaffold. Others use natural metalloenzymes such
as P450 monooxygenases, which are then tuned by directed evolution. A repre-
sentative example of the former type involves a water-soluble and commercially
available achiral phthalocyanine Cu(II)-complex (1), which is placed in serum
albumins (Scheme 7.1, top-left) and then used as catalysts in enantioselective
Diels—Alder reactions of azachalcones (2) with cyclopentadiene (3) (Scheme 7.1,
bottom) resulting in adducts with 85-98% ee and typically endo:exo ratios of
95:5 when using human serum albumin (HSA) [2]. In designing this artificial
metalloenzyme, previous cases of covalent and non-covalent introduction
of metals into proteins (see below) and the known X-ray structure of HSA
harboring protoporphyrin dimethyl ester were used as an inspiration and as
a guide; the latter had revealed supramolecular bonding in the subdomain
IB with weak axial coordination by Tyr161 [3]. In this way, a binding pocket
for the cycloaddition reaction was created in HSA, which in nature is only a
transport protein in human beings. Since selectivity proved to be exceedingly
high [2], directed evolution of this promiscuous artificial metalloenzyme was
not necessary. However, the reaction was quite slow, a disadvantage that has
not been addressed to date [4]. It should be noted that for this particular
Diels—Alder reaction, modern man-made catalysts have not been developed, i.e.
the best-known transition metal catalysts or organocatalysts are likely to fail.
Numerous other examples of introducing transition metals into protein scaf-
folds have been reported, some of which are described later in this chapter. A
systematization of techniques is presented in Scheme 7.2 [1, 2, 5b, c, 6]. The
novelty in this scheme is not the different ways of introducing metals/ligands
into protein scaffolds, which were known [5], but the important suggestion and
implementation that such artificial metalloenzymes can be tuned by directed

Engyme Engineering: Selective Catalysts for Applications in Biotechnology, Organic Chemistry, and Life Science,
First Edition. Manfred T. Reetz, Zhoutong Sun, and Ge Qu.
© 2023 WILEY-VCH GmbH. Published 2023 by WILEY-VCH GmbH.
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Scheme 7.1 Diels-Alder reaction of azachalcones 2 with 3 leading to endo-products 4
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7.1 Introductory Background Information

evolution for enhancing or reversing stereoselectivity [7]. This opened the door
to an exciting new research field.

Over the decades, the term “promiscuous enzyme activity” has been used in
different ways, some containing transition metals, others being metal-free [1].
For decades, biochemists and biotechnologists applied it whenever an enzyme
was found to catalyze the reaction of a natural compound that was not the actual
natural substrate, but later it was extended to include the transformation of
unnatural compounds [8]. It also became clear that nature has evolved a given
enzyme not just for a single purpose but sometimes to achieve several goals.
Jensen postulated that broad specificity and promiscuous activities of enzymes
constitute the starting points for the natural evolution of new and selective
functions [9]. Much later, this phenomenon was mimicked in the laboratory by
applying directed evolution to the human estrogen sulfotransferase with the
aim of converting it from a generalist to a specialist [10]. The idea of enzyme
ancestor reconstruction or resurrection, as proposed by Benner [11], has been
implemented in laboratory experiments using directed evolution methods [12].
These and other insights are not only of central importance in evolutionary
biology; they are also of potential practical interest in biotechnology [13].

In some rare cases, a given enzyme can catalyze a transformation that is usu-
ally mediated by another type of enzyme [1]. Examples include a decarboxylase
that catalyzes the acyloin condensation [14a], and a carboxylic acid reductase
that directs the intramolecular lactamization [14b]. Aside from the theoretical
interest in this phenomenon, the practical benefits have not been sufficiently
assessed [1]. This also applies to those studies in which such a switch was
achieved by protein engineering, as in the conversion of an esterase into an
epoxide hydrolase [15] (see Section 7.2), or in the conversion of a phosphotri-
esterase into an arylesterase [16]. These and other aspects of enzyme promiscuity
have been addressed in numerous studies [17]. The ability of a protein or a
chemically and/or genetically modified protein to catalyze a reaction type
that does not occur in nature has also been described as being promiscuous
[18]. Active-site redesign based on the introduction of a limited number of
rationally chosen point mutations has proven to be successful in some studies,
as summarized in an extensive review [19]. In addition to various review articles
covering specific aspects [13], the general area of enzyme promiscuity has been
summarized [20].

Some cases of this kind of promiscuity were discovered simply by screening
a set of enzymes for a certain reaction type not known to be catalyzed by these
biocatalysts, guided by mechanistic considerations and sometimes accompanied
by designed point mutations. Seminal examples include lipases/esterases or
proline polymers as catalysts in aldol and Michael reactions [21], epoxida-
tion reactions [22], Mannich reactions [23], Markovnikov additions [24], and
Baylis—Hillman reactions [25]. Progress in this particular research area has been
reviewed [26].

As previously mentioned, promiscuous stereoselective catalytic behavior can
be induced in a general manner by covalent or non-covalent (supramolecular)

281



282

7 Artificial Enzymes as Promiscuous Catalysts in Organic and Pharmaceutical Chemistry

attachment of a ligand/transition metal moiety to a host protein, followed
by directed evolution. The Whitesides system, comprising a biotinylated
rhodium/diphosphine-complex which is conjugated non-covalently to avidin
(or streptavidin, sav) is a seminal example [27]. The bound achiral Rh-complex
was employed as the catalyst in asymmetric olefin hydrogenation of N-acyl
acrylic acid (Scheme 7.3).

®
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Scheme 7.3 Whitesides system comprises a
biotinylated achiral diphosphine/Rh-complex
non-covalently bound to avidin, which was

olefin-hydrogenation of N-acyl acrylic acid
[27]. Later, streptavidin was employed as
the host protein. Source: Adapted from

used as the catalyst in the asymmetric Refs. [5, 28].

Enantioselectivity proved to be moderate, but decades later this study opened
the door to many interesting extensions, which included a variety of different
transition metal catalyzed reaction types [5, 28]. Using wildtype (WT) strepta-
vidin (or avidin), a single transition metal catalyst is produced, the catalytic pro-
file of which is a matter of fortune. Fortunately, as first suggested in 2001-2002
[29] and further explained in Section 7.2, tuning by directed evolution offers
exciting opportunities for developing truly efficient biocatalysts in organic chem-
istry, stereo- and/or regio-selectivity being the primary parameters of interest.
However, this endeavor is not as easy as it may appear because several prerequi-
sites have to be fulfilled:

« The host protein needs to be stable under operating conditions.

 The host protein needs to be expressed efficiently to provide sufficient quanti-
ties of protein in miniaturized and parallelized form.

A simple and efficient protein purification in miniaturized form (microplates)
has to be available.

« Bioconjugation should be regiospecific and essentially quantitative.

Following the original Whitesides publication, and prior to the application
of directed evolution, many research groups focused in the 1980s and 1990s on
devising other types of artificial metalloenzymes as catalysts in synthetic organic
chemistry [6, 7, 30]. As detailed in review articles stressing various approaches,



7.1 Introductory Background Information

this intriguing research area is still inspiring chemists and biotechnologists
today.

Alternative concepts for non-covalent bioconjugation with the introduction
of transition metal catalysts into host proteins have been developed, which
in principle can also be tuned by directed evolution [5b, c, 6]. For example,
serum albumins binding non-covalently water-soluble sulfonylated Fe(III)- and
Mn(III)-corroles are active catalysts in H,0,-mediated asymmetric sulfoxidation
of prochiral thio-ethers (up to 74% ee) [31]. This work was based on the earlier
finding that the sodium salts of di-, tri-, and tetra-sulfonic acid derivatives of
porphyrins, phthalocyanines, and corroles bind strongly to serum albumins in a
non-covalent manner [32].

Covalent bonding to the metal of porphyrin-type or structurally related
transition metal complexes can also be envisioned in appropriate protein hosts,
possibly supported by additional non-covalent interactions [1]. One of several
possibilities is the Watanabe system, in which an achiral chromium(III) Schiff
base catalyst is anchored to apo-myoglobin [33]. This artificial metalloenzyme
was used as the catalyst in the asymmetric sulfoxidation of thioanisole (13% ee).
Again, this is a case for directed evolution, especially if structural information
could be obtained by X-ray crystallography [33]. Yet another potential case for
directed evolution pertains to the Lu-system in which apo-myoblobin is used
again but contains a designed covalent anchor between a manganese Schiff base
complex and two cysteines introduced by site-directed mutagenesis [34]. This
artificial metalloenzyme proved to be more active and enantioselective in the
sulfoxidation of thioanisole (52% ee).

Covalent bioconjugation of proteins by way of C—S bond formation at a
cysteine residue for a variety of purposes has been practiced for decades by
Sy2 alkylation or Michael addition [1]. This traditional technique was applied
a number of times in order to anchor achiral ligands/metal moieties (or
organocatalysts) in protein hosts [5b, ¢, 6]. When aiming for this kind of artificial
metalloenzyme, it is best to choose a host which is thermally robust and capable
of tolerating the reaction conditions used in traditional aqueous transition
metal catalysis [35]. An excellent protein host for this kind of endeavor is an
enzyme called tHisF from the thermophilic organism Thermotoga maritima,
which is involved in the biosynthesis of histidine [36]. It can be heated in the
aqueous phase at 75 °C for one hour without any sign of denaturing. Moreover,
expression in Escherichia coli is unusually efficient, and its X-ray structure has
been analyzed [37]. tHisF has a barrel-like structure with one cysteine located
fairly deep in the channel (Cys9). In order to enable smooth site-specific covalent
anchoring, a double mutant Cys9Ala/Asp11Cys was created, with the reactive
cysteine needed in bioconjugation being just below the rim of the barrel-like
structure [6]. Appropriate Michael additions and Sy2 reactions were applied
in order to anchor ligands, ligand/metal entities, and even organocatalysts
(Scheme 7.4) [6]. A platform for potential directed evolution was developed,
which includes miniaturization and parallelization of fermentation and mutant
enzyme purification by simple heat treatment of 24-format deep-well plates.
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This means that all foreign proteins are denatured and precipitated from
solution, leaving behind tHisF for clean and selective bioconjugation. It would
be interesting to apply directed evolution using a variety of different transition
metal catalyzed transformations.

(0]
O
| N-R NP
tHisF
) mutant I 0
/ Cys9Ala/Asp11Cys
tHisF A
mutant SH
Cys9Ala/Asp11Cys
% o)
X tHisF (
\)LR mutant g R
Cys9Ala/Asp11Cys

Scheme 7.4 Chemical modification of tHisF mutant Cys9Ala/Asp11Cys by means of Michael
additions that lead to bioconjugates A, and S 2-reactions that provide bioconjugates B.
Source: Ref. [6]/John Wiley & Sons.

Developing artificial metalloenzymes by designing transition metal binding
sites using His/Cys or other motifs inspired by natural proteins with the help of
site-directed mutagenesis (Scheme 7.2) has a number of advantages, because it
does not require a bioconjugation step. Synthetic ligands are not involved. One
example of this approach uses the thermostable tHisF as the protein, in which a
Cu(II) binding site was implemented by designing mutant Asp11/His50/His52
[38]. The apo-form was treated with CuSO,, leading to the formation of the
desired artificial metalloenzyme. It was characterized by electron paramagnetic
resonance (EPR) spectroscopy, proving that two histidines are indeed involved in
metal complexation. The catalyst was used in the same asymmetric Diels—- Alder
reaction as shown in Scheme 7.1, leading to an enantioselectivity of 46% ee
and an endo/exo ratio of 13:1 [38]. Directed evolution of the catalyst in this
asymmetric transformation or in other Cu(II)-catalyzed reactions has not been
attempted to date.

As summarized in a review article [39], notable examples of computational
design of artificial metalloenzymes and/or promiscuous enzymes in general
based on the Rosetta algorithms have continued to appear in the literature. The
multi-step computational procedure utilizes, inter alia, ab initio protein structure
prediction, quantum mechanical (QM) energy refinement, and sequence design.
Examples of the Rosetta-approach are designed proteins that catalyze the Kemp
elimination, the Diels-Alder cycloaddition, and the Baylis—Hillman reaction,
all metal-free promiscuous transformations. In the case of the Diels—-Alder reac-
tion shown in Scheme 7.5, the endo-(3S,4R)-configuration in adduct 7 was the
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desired outcome as stipulated by design [40]. From a collection of 84 computed
and then E. coli expressed enzymes, two showed Diels—Alder activity, one of
them leading to the predicted stereoselectivity. In the case of the Baylis—Hillman
reaction, the results appear to be less successful, with no information regarding
the enantioselectivity of the asymmetric transformation being reported [41].
Directed evolution was not attempted in this case, in contrast to the project
focusing on the Kemp elimination (see Section 7.2).

g @
", NMe,
™ g

HN

Lo+ ’
oo \)J\valez — oo

-0,C -0,C
5 6 7

Scheme 7.5 Model Diels - Alder cycloaddition used in Rosetta-design. Source: Adapted from
Ref. [40].

On a different note, promiscuous enzymes in unculturable bacterial commu-
nities promise to be a rich source of new biocatalysts, but their discovery by func-
tional metagenomics has proven to be problematic. In order to solve this problem,
the technique of microfluidic picoliter oil-in-water droplets (Chapter 2) has been
applied [42]. Million-membered metagenome libraries can be assessed in this
way. This advancement connects enzymes with distantly related sequences. It
was found that most of the hits could not have been identified or predicted solely
on the basis of sequence data. In yet another advance concerning promiscuous
metalloenzymes, the Zn-dependent carbonic anhydrase kCAII was used to cat-
alyze the highly enantioselective reduction of prochiral ketones, with organosi-
lanes serving as the hydride source [43]. Protein engineering was not needed
(99% ee, (S)-product), but that would be necessary if the (R)-configurated alco-
hols were the desired products.

7.2
Applying Protein Engineering for Tuning the Catalytic Profile of Promiscuous Enzymes

In some studies, the term “promiscuous behavior” was used when engineering
an expanded substrate scope, which may be a misleading designation. Today,
the majority of researchers who perform directed evolution for the purpose of
manipulating substrate acceptance generally do not use this terminology. The
same applies to the present monograph.

Saturation mutagenesis and Iterative Saturation Mutagenesis (ISM) at residues
lining the active site as part of the Combinatorial Active-Site Saturation Test
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(CAST), as described in Chapters 3 and 4, are reliable tools for reshaping the
binding pocket of enzymes in the quest to manipulate activity, stereo- and/or
regio-selectivity. This was not anticipated when the concept of directed evolu-
tion of artificial metalloenzymes (hybrid catalysts) was first proposed [29]. At the
time, Error-prone polymerase chain reaction (epPCR) and DNA shuffling were
used for tuning the stereoselectivity of enzymes by directed evolution [44]. The
first example of directed evolution of an artificial metalloenzyme as a catalyst in
a stereoselective transformation made use of the Whitesides system. In this sem-
inal study, the ester of N-acyl acrylic acid was used, not the acid itself, because its
reduction product is easier to extract from the aqueous phase (Scheme 7.6) [5].

H, (6 bar)
catalyst (0.2%)
protein (1.3 free binding H ©
\”)J\OM site per catalyst) O_ N W)J\OMe
ﬁ/ H,0, 10% DMF (1ml) j/ *
0.1 M AcOH,
pH4,rt, 8h

Scheme 7.6 Model reaction used in the directed evolution of the promiscuous Whitesides
system. Source: Ref. [5]/Royal Society of Chemistry.

Several problems prevented the rapid realization of the envisioned laboratory
evolution. The major difficulty was the fact that all the available expression
systems of streptavidin were not very efficient at the time. It was not possible to
produce enough protein in the conventional small wells of 96-format micro-titer
plates. Therefore, expression, bioconjugation, and reaction were performed in
500 ml Erlenmeyer flasks. As a consequence, only very small mutant libraries
were made and screened [5]. The biotinylated Rh-diphosphine complex was
modeled in streptavidin, to identify potential randomization residues for satu-
ration mutagenesis, which revealed several CAST residues about 4-5A from
the Rh-center (Asn49, Leull0, Ser112, and Leul24) as well as second sphere
CAST sites Glu51, Tyr54, Trp79, Asn81, Arg84, Asn85, and His87 (Figure 7.1).
WT streptavidin containing the ligand which binds Rh was found to deliver an
ee-value of only 23% in favor of (R)-9

The outcome of a restricted ISM process provided the results shown in
Scheme 7.7. It can be seen that ISM leads stepwise to clearly improved enan-
tioselectivity (65% ee) and that even reversal of enantioselectivity is possible.
As noted before [1], this study constitutes proof-of-principle regarding the
use of directed evolution as a means to tune the stereoselectivity of promis-
cuous metalloenzymes, but it is far from being practical [5]. It is likely that
today’s “normal-sized” saturation mutagenesis libraries amounting to typically
500-2000 transformants would provide much higher stereoselectivity. Other
olefinic substrates could also be studied.

As previously mentioned [1], Ward and coworkers optimized the expression
system of streptavidin (Sav) and nicely extended the Whitesides system to include



7.2 Applying Protein Engineering for Tuning the Catalytic Profile of Promiscuous Enzymes

Figure 7.1 Model of the biotinylated diphosphine-Rh-complex in streptavidin obtained by
docking. Source: Ref. [5a]/Royal Society of Chemistry.

R (% ee) +65%
60 +54%, ,// Il (Asn49Val)
/-/
50 1 /"1l (Asn49Val/Ser112Gly)
40 - +35%
/-,
304 wt ./ |(Sert12Gly)
—
207 1239%"\
10 4 A IV (Asn4gHis)
\-\
Racemic +8% \\\
10 - \ V (Asn49His/Leu124Phe)
\—
S (% ee) —7%

Scheme 7.7 Directed evolution of stereos-
electivity of a promiscuous enzyme based

on the Whitesides system, Iterative Satura-
tion Mutagenesis (ISM) at first and second

sphere CAST residues being employed as
the genetic tool in the Rh-catalyzed hydro-
genation. Source: Ref. [5]/Royal Society of
Chemistry.
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Q Artificial metalloenzyme H OH
. = );r\ +CO,
Riarge. Rsman  formic acid R
large Rsmall
buffer (pHiyjtia 6.25) sma
55°C, 64 h

M = Ru(ll); n = 6
M = Rh(lll), Ir(lll); n = 5

Artificial metalloenzyme

Scheme 7.8 Enantioselective ketone reductions using the streptavidin platform with
formic acid serving as reducing equivalents of the chosen transition metals. Source: Ref.
[45]/American Chemical Society.

many different transition metal catalyzed stereoselective transformations, gen-
erally by optimizing the spacer length between biotin and the ligand/metal
entity and applying CAST-type saturation mutagenesis [45]. Up to 98-99% ee
was obtained in ketone reductions (Scheme 7.8).

In another study focusing on Noyori-type transfer hydrogenation of prochiral
ketones, the initial CAST libraries did not provide sufficiently improved vari-
ants, and therefore it was logical to invoke ISM [46] (Figure 7.2). Several achiral
Ru-complexes were biotinylated with variation in the spacer length and tested
as catalysts in the asymmetric reduction of seven different prochiral ketones.
Thanks to ISM, high enantioselectivities have evolved.

Two different piano stool Ru-complexes were employed in the ISM experi-
ments, leading to the structural results summarized in Figure 7.3 [46]. One of
the fascinating results of this study is the crystal structure of a mutant, which
reveals that the metal (Ru) itself constitutes a center of chirality. Another appli-
cation of the Whitesides streptavidin system is regioselective Rh(III)-catalyzed
CH-activation, which has been successfully enhanced by site-specific mutagene-
sis employed [47]. Key reviews describing this system with comparisons to other
scaffolds have appeared [4, 20c, e, g], including an eye-opening perspective on
the possibility of exploiting earth-abundant metals [48].

The streptavidin scaffold played a key role in a fascinating effort to control
the formation of nitrogen heterocycles from alkynes via dual gold (Au) catalysis
(Scheme 7.9) [49]. Based on docking computations, a limited number of ratio-
nal enzyme experiments were first carried out, leading to minimal promiscuous
hydroaminase activity.

In order to control regioselectivity in terms of Markovnikov/anti-Markovnikov
preference and to enhance activity, ISM was again implemented successfully
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Figure 7.2 Iterative Saturation Mutagene-
sis (ISM) in the directed evolution of the
streptavidin-system for enantioselective
ketone reductions via transfer hydrogena-
tion. The nature of the capping n6-arene:
benzene (blue) and p-cymene (red) (a), the
products 1-(4-bromophenyl)ethan-1-ol (red)
or 4-phenylbutan-2-ol (blue) (b), and the

variants S112A (red), S112K (blue), S112
(green) (c). (d) The positions of K121X

(red) or L124X (blue). (e) The evolutionary
trajectory of the best R- and S-selective
hybrid catalysts in the conversion of
4-phenyl-2-butanone. Source: Ref. [46]/John
Wiley & Sons.

(Scheme 7.10) [49]. A review on further applications of the Whitesides artificial

protein scaffold has appeared [20b].

A completely different type of protein scaffold suitable for introducing tran-

sition metals with the formation of complexes, which in principle can catalyze
many different types of promiscuous transformations, utilizes the multidrug
resistance regulator LmrR (Scheme 7.11) [50]. The homodimeric protein has
a hydrophobic inner cavity, which can serve as a binding pocket for many
potential nonpolar substrates of practical interest.

Following the concept of bioconjugation at cysteine residues of proteins
(Scheme 7.2) [30], appropriate cysteine introduction in LmrR was ensured by
mutations M89C and N19C [52]. Various bidentate ligands were then covalently
attached to either LmrR mutant M89C or N19C, followed by treatment with
Cu(NO;),, which provided new artificial metalloenzymes. Stereoselective
promiscuous transformations such as Friedel-Crafts alkylations in water,
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Scheme 7.10 Directed evolution of a HAMase in an iterative fashion. Source: Ref.
[49]/Springer Nature.
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Scheme 7.11 Representation of a unique artificial metalloenzyme (ARM). (a) Design con-
cept; (b) Space-filling representation. Source: Ref. [50]; (c) Ribbon-representation of the
X-ray structure of LmrR (PDB: 3F8C). Source: Ref. [51].
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Figure 7.3 X-ray crystal structure of
[n®-(benzene)RuCl(Biot-p-1)]cS112K Sav.

of [n®-(benzene)RuCl(Biot-p-1)]cS112K
Sav with the structure of biotinCcore

(@) Close-up view (only monomer B (blue)
occupied by the biotinylated catalyst
(ball-and-stick representation); monomers
A (green), C (orange), and D (yellow)). (b)
Highlight of amino acid sidechain residues

streptavidin (PDB reference code 1STP,
only monomers A and B displayed for
clarity; biotin: white stick, core strepta-
vidin: white tube). (d) Ru-Ca distances
extracted from the X-ray structure of

displaying short contacts with Ru. The [n®-(benzene)RuCl(Biot-p-1)]cS112K Sav;
absolute configuration of ruthenium is monomers: A black, B blue, C green, and D
S. (¢) Superimposition of the structure red. Source: Ref. [46]/John Wiley & Sons.

enantioselective hydration reactions, and stereoeselective Diels—Alder cycload-
ditions of azachalcones were realized (Scheme 7.12) [52]. Whenever WT
resulted in low stereoselectivity, rational enzyme design and directed evolution
were applied. In an interesting variation of the LmrR concept, metal-binding
unnatural amino acids were introduced genetically during the biosynthesis of
LmrR in vivo by using an expanded genetic code [53], followed by treatment
with Cu(II) salts and similar transformations as before [54]. The results derived
from the initial approach proved to be superior in activity and selectivity. Since



7.2 Applying Protein Engineering for Tuning the Catalytic Profile of Promiscuous Enzymes

Br (@]
\_sH B L'ﬁ“{ s HN{Cuz"
2. Cu(NOy),
(a)

%O
O ==

O S "‘—4 P o

M { N or H — _—

HN | \_w

o N

(0]
N - + @ ARM i
| i Mops pH 7 0 |N\
>
(+)
)
o
N
[y 7
==

1}
L
P

LmrR_N19C_phen-Cu(ll): conv. 24%; ee 53% (+,
LmrR_M89C_phen-Cu(ll): conv. 93%; ee 97% (+

(b) LmrR_M89C_bpy-Cu(ll): conv. 55%; ee 66% (-)
LmrR_M89C_phen-Cu(ll) 9 o
mr en-Cu E
+ H,O - = = | Ny *R
pH7 2
R = iPr: conv. 67%, ee 77% (40 h)
(c) R = tBu: conv. 80%, ee 84% (64 h)
Scheme 7.12 New artificial metalloen- bioconjugation procedure; (b) Stereoselective
zymes based on the LmrR scaffold in Cu(ll)-catalyzed Diels - Alder cycloadditions;

which chemical conjugation by reaction of (c) Cu(ll)-catalyzed enantioselective hydra-
bromoacetamide-functionalized phenanthro- tion of azachalcones. Source: Adapted from
line and bipyridine ligands enables biden- Ref. [52].

tate complexation of Cu(ll). (a) Chemical

the appearance of the review article [50], further developments and applications
of the LmrR concept have been reported [55].

In other work with a focus on metal-free systems, the esterase from Pseu-
domonas fluorescens (PFE) was converted into an epoxide hydrolase [15]. Its
mechanism was compared to that of the epoxide hydrolase from Agrobacterium
radiobacter (EchA), which formed the basis for subsequent directed evolution
experiments [15]. The sequence data of esterases and epoxide hydrolases
were consulted, as was the structural comparison of six epoxide hydrolases.
Several rationally designed mutants were generated, e.g. by switching serine to
aspartate or by introducing two tyrosines, but these showed no activity in the
hydrolysis of styrene epoxide. Since rational design failed, the whole loop in a
PFE mutant containing mutations L29P, F93H, S94D, F125Y, V139Y, and V195Y
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was replaced by the corresponding element in EchA by a PCR-based procedure.
This provided a variant that could be expressed as a soluble protein in E. coli,
showing low epoxide hydrolase activity (initial activity of 9mUmg~' and a
turnover number of 0.01 s71). Unfortunately, it was not possible to measure K,
nor V.. values.

Aslisted in Chapter 5, switching cofactor dependency from NADPH to NADH,
or reverse, has been accomplished several times. Usually, the goal is to exchange
the more expensive NADPH for NADH. In one study concerning cofactor
switching, a change in enantioselectivity in sulfoxidation was unexpectedly
observed upon introducing mutations by site-directed mutagenesis and satu-
ration mutagenesis, the result being termed “cofactor promiscuity” [56]. The
flavoprotein monooxygenase from Stenotrophomonas maltophilia (SMFMO) is
unusual because it can utilize either the non-phosphorylated cofactor NADH
or NADPH for the reduction of the FAD coenzyme, the specificity being 1.5:1
in favor of NADH. Following protein engineering, the specificity switched to
1:3.5 in favor of NADPH. Seven different prochiral thio-ethers were tested
using the evolved mutant, resulting either in a reduction or in a reversal of
enantioselectivity. Although practical applications did not result from this study,
it shows that switching cofactor specificity can influence streoselectivity in a
manner that is currently not well understood [1, 56].

Protein engineering has also been applied successfully in the attempt to
increase the activity of a promiscuous enzyme called Kemp eliminase, which
has been produced by computational design using the Rosetta algorithm [57].
The Kemp elimination [58] is a synthetically trivial base-catalyzed transforma-
tion leading to ring-opened products of benzisoxazoles. Nevertheless, much can
be learned from designing protein-mediated catalysts [1]. A review describes
the standards set by the various strategies in the race to produce the most
active Kemp eliminase, with the specific transformation 10 — 11 serving as the
standard model reaction (Scheme 7.13) [59].

Iy Protein _Protein & Protein
- N _ +HB _ N
¢ H Q N 0 N
O’/N+\©j\<) O/’N+ =z o’zN+\©\///
N
oy OH OH
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Scheme 7.13 Protein-catalyzed Kemp elimination 10 — 11.

One of the best original Rosetta design motifs predicted a TIM barrel scaffold
of HisF with glutamine serving as the base (Figure 7.4) [57]. Following the
detection of very low activity, directed evolution was applied. After seven
rounds of epPCR and DNA shuffling, a mutant characterized by 8-point
mutations was evolved, showing a 200-fold increase in catalytic efficiency
(keyi/K ,, =2600 M1 s71) [57a, b].
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Figure 7.4 (a) The KEO7 design, show- (b) Details of the designed KEQ7’s active
ing the TIM barrel scaffold of HisF (PDB site. Shown are the 5-nitrobenzisoxazole
accession code 1THF), the modeled substrate (cyan), the catalytic base (Glu101),

5-nitrobenzisoxazole substrate (red), and the the general acid/H-bond donor (Lys222), and
13 residues that were replaced to create the the stacking residue (Trp50). Source: Ref.
designed Kemp eliminase active site (green). [57b]/With permission of Elsevier.

Considering the simplicity of Kemp-type elimination, with common bases
being highly active in the absence of any protein, the catalytic efficiency
achieved by this eliminase is far from optimal despite extensive design and
protein engineering. Therefore, a second attempt was undertaken to further
improve activity [57c]. One of the earlier designed Kemp eliminases based
on the TIM barrel scaffold of the deoxyribose phosphate aldolase of E. coli,
KE70, was subjected to nine rounds of directed evolution, resulting in the
best presently known protein-based catalyst (k. /K,, =5x10* M~ s71). This
extensive experimental effort (Table 7.1) was flanked by computational design,
including ensemble generation, 3-strand perturbations, pK, modulation, and
loop redesign. The best mutant was characterized structurally and biochemi-
cally, which led to the conclusion that (i) the active-site cavity was reshaped
to achieve tighter substrate binding, (ii) the electrostatics around the catalytic
dyad His-Asp were optimized, and (iii) the active-site dyad was stabilized in
a conformation which is optimal for catalysis [57c]. Thus, these are valuable
mechanistic lessons learned as a consequence of such an undertaking, which
underscore the primal characteristics of natural enzyme catalyzed reactions as
involving precisely positioned substrates as defined by the Jencks hypothesis [60]
and electrostatic stabilization of the transition state according to the Warshel
hypothesis [61]. The results are indeed impressive, because catalytic efficiency
begins to approach that of enzyme-catalyzed natural transformations, which are
known to be in the range k,,/K,, =10°-10% M~! s71. Nevertheless, there is still
room for further rate enhancement.



Table 7.1 Summary of the directed evolution of the Kemp eliminase KE70.

Round Random
mutagenesis

Recombination Mutation spiking by
incorporating synthetic oligonucleotides
via gene reassembly (ISOR)

Fold improvement measured
with crude lysates?)

1 2+ 1 random mutations
per gene

2 —

3 p—

4 —

5 —

Shuffling of the 15 best —

variants from Round 1

Shuffling of the 15 best variants from Round 2, with
incorporation of designed mutations: Library 1 (design
categories 1a +2) — Metl16lle/Leu/Val/Phe,
Leul8Ile/Leu/Val/Phe, Trp72Ser/Cys/His/Leu,
Gly101Glu/Gln/Ala/Ser, Ser138Ala,
His166Tyr/Asp/Asn/Ala/Ser; Library 2 (design
category 4a) - insertions after the residues Thr20
(Gly/Ser), Asn22 (Gly/Ser), Thr171
(Asn/Ala/Pro/Gly/Ser), Val204 (Ala/Pro/Gly/Ser), and
Ser239 (Asn/Ala/Pro/Gly/Ser)

Shuffling of the 18 best —

variants from
Round 3, both from
Libraries 1 and 2

— Shuffling of the 12 best variants from Round 4, with

incorporation of designed mutations: design category
1b - Ser74Ala/Gly, Phe77Tyr, Leul36Trp, Alal178Ser,
Lys173Asn/Thr, Ala231Ser, Ala238Ser,
Ser239Thr/Asn/His/Arg; design category

4a - Ala21Asn/Gln/Arg, Asn22GIn/Arg

<6-fold relative to
designed KE70; best
variant is R1 8/9C

<1.5-fold relative to R1
8/9C; best variant is
R2 7/12F

<3-fold relative to R2
7/12F; best variants
are R3 2/6D (Library
1) and R39/3B
(Library 2)

<3-fold relative to R3
9/3B; best variants are
R4 4/1B and R4 4/5B

<3-fold relative to R4
4/1B; best variant is
R5 7/4A



6 — Shuffling of the 10 best — <1.2-fold relative to R5

variants from Round 5 7/4A; best variants are
R6 6/10A and R6 4/8B
7 4 best variants from — — <1.2-fold relative to R6
Round 5 and 4 6/10A; best variant is
variants from Round R77/1C
6; 2+ 1 mutations per
gene
8 — — Shuffling of the 14 best variants of Round 7, with the <1.2-fold relative to R7
incorporation of designed mutations: design category 4/2E and 3/2B; best
2 - Metl6Ala/Val, Leul8lle/Val/Leu/Phe; design variants are R8 12/12B
category 4b - Ala238Met, Ser240Gly, Leu241Ala and R8 15/11E
9 — — — <1.2-fold relative to R8

12/12B and R8 15/11E

a) The activity improvement measured in crude lysates is not corrected for protein expression and is therefore only a preliminary measure for an increase in protein
activity.
Source: Ref. [57c]/With permission of Elsevier.
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Following these reports, a considerably shorter approach was undertaken,
which also involved directed evolution, but was accompanied by fewer mutage-
nesis efforts [62]. In this case, a non-catalytic calmodulin scaffold was employed,
a fairly small (16 706 Da, 148 amino acid) regulatory binding protein (CaM). In
a simple and fast computational design based on the interplay of protein folding
and functional group tuning, CaM was converted into a Kemp eliminase called
AlleyCat. It was truncated in the process (74 amino acids), only the C-terminal
domain of CaM being utilized. It showed (low) activity in the reaction of
the standard substrate 10 — 11 (Scheme 7.13). A single point mutation was
shown to be essential [62a]. In order to boost activity, directed evolution was
subsequently applied [62b]. First, the N-terminal domain was re-introduced
in order to enhance protein expression efficiency in E. coli. This protein was
shown to have the same activity as the originally designed AlleyCat. Then eight
positions lining the binding pocket were subjected individually to saturation
mutagenesis using NNK codon degeneracy encoding all 20 canonical amino
acids. Several variants displayed more than a sixfold increase in enzymatic
efficiency. This was followed by one round of DNA shuffling and two subse-
quent epPCR cycles. The N-terminal domain was then removed, affording the
catalyst AlleyCat7. A total of only seven rounds of mutagenesis and screening
of less than 6000 transformants were required, leading to a catalytic efficiency
of k., /K,, =1283M~! s7! [62b]. The simple introduction of glutamine at the
correct position was shown to be responsible for activity. Interestingly, it was
shown that the Kemp eliminase AlleyCat 7 can be cycled through the on and
off states, which does not result in any activity loss or product inhibition [62b].
This approach shows that a fairly simple strategy can be successful, but the final
result in terms of catalytic efficiency does not match the best Kemp eliminases
generated by a more elaborate and labor-intensive procedure [57c]. It can be
concluded that more research is necessary, which entails less effort but higher
catalytic efficiency and additional insights.

An unsurpassed record concerning activity of a Kemp eliminase was set by
applying design and extensive directed evolution using a xylanase as scaffold
[63a]. Starting with the mutant HG3 designed and evolved previously, 17 further
rounds of mutagenesis were performed using epPCR, DNA shuffling, saturation
mutagenesis at hot spots identified by epPCR, and ISM. This provided variant
HG3-17, showing a catalytic efficiency of k_,/K,, =230000M~! s™! [63a]. On
the basis of X-ray structural analysis, it was concluded that precise positioning of
the catalytic machinery with respect to the substrate is essential for approaching
typical natural enzyme activity. Attaining the activity characteristic of enzymes
catalyzing natural transformations has yet to be achieved [1]. In a very differ-
ent approach, a redox-mediated P450-BM3 based Kemp eliminase was evolved,
but its activity did not reach the previous best record [64]. Nevertheless, upon
performing the known mutation C400S at the Fe-binding position, it showed a
sixfold improvement in catalytic efficiency relative to WT.

Several other studies describing the use of directed evolution in the quest to
increase promiscuous enzyme activity have appeared [65], in addition to the
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report describing directed evolution for the functional analysis of multi-specific
proteins [63b]. Although involving “only” substrate acceptance (which is
treated in Chapters 4 and 5), a study describing the directed evolution of a
nucleotidyltransferase deserves mention here. In an attempt to expand the
nucleotide and sugar 1-phosphate promiscuity of the nucleotidyltransferase
RmIA, a combination of epPCR and saturation mutagenesis was employed
[65a]. Based on structural data, 22 residues lining the binding pocket (CAST
sites) were selected for individual NNK-based randomization. The final variants
were shown to accept non-native substrates like pyrimidine and purine-based
nucleotides as well as non-native b- and L-sugars with a- and $3-isomers, which
has obvious practical implications [65a]. Another example is the engineering
of cytochrome c¢ from Rhodothermus marinus (RMC). The WT RMC showed
low activity toward Si—H carbene insertion (~30 turnovers) with 97% ee [65b].
Inspection of the crystal structure of RMC identified the coordinatively labile
residue M100 as the initial hotspot for site-saturation mutagenesis, followed by
two rounds of ISM on the vicinal residues V75 and M103. As a result, a triple
mutant V75T/M100D/M103E was created, which performed over 2500 turnovers
in four hours with >99% ee [65b]. More recently, a prolyl oligopeptidase from
Pyrococcus furiosus was engineered to perform as an artificial metalloenzyme,
which showed good cyclopropanase activity by means of epPCR [65c].

73
Applying Protein Engineering to P450 Monooxygenases for Manipulating Activity
and Stereoselectivity of Promiscuous Transformations

The topic highlighted here occupies a separate section, focusing first on the works
of Frances H. Arnold (see Chapter 1) on a number of intriguing P450 monooxy-
genase mediated promiscuous transformations [20]. We begin with a seminal
study, which appeared more than 30years ago authored by Dawson, Breslow,
and coworkers, who had reported that P450 enzymes show promiscuous reac-
tivity by catalyzing inter- and intra-molecular insertion of nitrenes into nonacti-
vated C—H bonds [66]. The source of the N-sulfonyl-nitrenes were compounds
of the type ArS(0),N=I—C,H;, which were transferred onto Fe(II) as metal
nitrenes. The respective Fe-bound nitrenes underwent C-H activating amida-
tions (Scheme 7.14), but unfortunately, this report remained unnoticed for sev-
eral decades. At that time no one thought of studying stereoselectivity, or just as
importantly, the Fe-carbenoid analogs for a wide range of carbene reactions.
This report set the stage for systematic studies of promiscuous P450 monooxy-
genases, which in turn provided intriguing opportunities. A different cytochrome
P450 monooxygenase was chosen by the Arnold group, specifically P450-BM3,
which was genetically modified so that catalysis of several different reaction
types became possible, which traditionally belonged to the realm of conventional
transition metal catalysis. The first of a series of studies in this area focused on
Fe-catalyzed carbene transfer reactions using ethyl diazo acetate as the carbene
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Scheme 7.14 P450-catalyzed insertion of nitrenes into nonactivated C—H bonds. Source:
Ref. [66]/American Chemical Society.

source and styrene as the olefinic substrate, with the formation of the respective
cyclopropane derivative (Scheme 7.15, top) [67]. Interestingly, the identical
transformation, but using a chiral Cu-complex, was the first transition metal
catalyzed reaction in synthetic organic chemistry, which opened a new research
era [68]!

Prior to the Arnold study, it had been shown that numerous porphyrin-based
transition metal complexes are active catalysts in a variety of different transition
metal catalyzed reactions in the absence of any proteins [69]. For example, an
achiral porphyrin-Fe(II) complex was known to catalyze the cyclopropanation
of styrene using ethyl diazo acetate with the formation of all four stereoiso-
mers, provided an oxygen-free system was applied [70]. In the presence of
air, Fe(IT) is oxidized to Fe(III), which was shown to be inactive. Moreover,
in the P450-catalyzed metabolism of 1,3-benzodioxole, the intermediacy of
a 1,3-benzodioxole carbenoid at the heme-Fe center has already been pos-
tulated [71]. In the new approach (Scheme 7.15), air was not excluded, but
the reducing agent Na,S,0, was added under aerobic conditions. In spite of
some mechanistic uncertainty [72], WT P450-BM3 proved to be active but
not very stereoselective, yet this observation was interpreted as an indication
of a Fe-carbenoid intermediate. Therefore, a library of P450-BM3 variants,
evolved earlier for other purposes, was screened, leading to improved enantio-
and diastereo-selectivity. Final optimization was accomplished by saturation
mutagenesis at some of the CAST sites in the binding pocket. The final variant
showed high diastereo-selectivity (cis:trans = 92: 8) and high enantioselectivity
(97% ee) in favor of the (S,R)-adduct. Several other styrene-type substrates were
also subjected to cyclopropanation, but these reactions occurred with moderate
to poor diastereo- and enantio-selectivity [67].

The researchers also chose another strategy by optimizing the axial ligand at
heme-Fe, i.e. via the exchange of cysteine by other amino acids, guided by the
known electronic influences of ligands in simple porphyrin-Fe catalysis [20].
The amino acids that were found to impart very different promiscuous catalytic
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Scheme 7.15 Promiscuous reactivity of P450-BM3. Source: Adapted from Ref. [67].

properties to P450-BM3 are serine or histidine, which is an important discov-
ery. In the cyclopropanation reaction, activity was enhanced dramatically, prob-
ably because these mutations allow ready reduction of the heme-Fe to Fe(II)
[73]. This also enabled whole cell catalysis of carbene transfer at a high rate,
which began to compete with the most active Rh-catalysts. Cyclopropanation was
also applied to the formal synthesis of the therapeutic drug levomilnacipran by
using a P450-BM3 variant with only five amino acid substitutions [74]. Carbene
insertion into aryl N—H bonds using variants of P450-BM3 was also demon-
strated [74].

P450-catalyzed carbene additions to terminal and internal acetylenes with the
formation of chiral cyclopropenes were reported in further studies, and in one
investigation, a second carbene addition was exploited in order to access highly
strained bicyclobutane-products, likewise with essentially complete stereoselec-
tivity (Scheme 7.16) [75]. The combination of testing known in-house P450-BM3
mutants, utilizing previous variants for other purposes, rational introduction of
point mutations, and especially focused saturation mutagenesis based on the
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Scheme 7.16 Protein engineering of P411-C10 in the synthesis of internal cyclopropene.
Source: Ref. [75a]/American Chemical Society.

22c-trick (see Chapter 3), enabled high selectivity. Such transformations are
known reactions in synthetic organic chemistry utilizing man-made transition
metal complexes, but generally with lower substrate scope and selectivity.
Inspired by the already mentioned early report on P450-catalyzed nitrene
insertions via intermediate Fe-nitrenoids (Scheme 7.15) [66], it appeared logical
to test the particular P450-BM3 system for nitrene transfer reactions [76]. The
Arnold group hoped that C-H activating amidation would occur rather than
aziridine formation, which would be analogous to the Fe-carbenoid mediated
cyclopropanation reactions. Using sulfonyl azides as the nitrene precursors,
this was indeed observed. Upon optimizing the structure of the aryl group in
the nitrene precursor and testing a variety of P450-BM3 mutants as catalysts,
smooth intramolecular amidation was observed with enantioselectivities up to
87-89% ee [76]. The point mutations Thr268Ala and Cys400Ser were shown to
be particularly important, the latter occurring as the axial ligand at heme-Fe.
In a follow-up study, saturation mutagenesis was performed again using the
22c-trick for saturation mutagenesis in order to switch CH-activating amidation
from the o- to the less activated $3-position with the formation of six-membered



7.3 Applying Protein Engineering to P450 Monooxygenases

heterocycles [77]. It should be mentioned that the Arnold group also published
a startling paper on CH-amidation enabling the stereoselective synthesis of
lactams, which was later retracted [78]. Bond strength, inductive effects, steric
accessibility, and ring strain were originally invoked, which shows that theoret-
ical analyses can be completely offline. Recently, Arnold has published several
reviews of the general area of biocatalytic carbenoid and nitrenoid reactions [79].

Other groups have also utilized P450-BM3 or other heme-dependent proteins
in the quest to study promiscuous biocatalytic transformations. For example,
different P450-BM3 mutants, originally evolved by systematic saturation mutage-
nesis at sites lining the binding pocket of P450-BM3 as part of extensive CASTing,
provided even better results when opted for a-activating amidation [80]. In a
study directed toward switching the regioselectivity of intramolecular C-H acti-
vating amidation, six-membered instead of the usual five-membered cyclic sul-
fonamides were observed as products using a P450-BM3 variant characterized by
a dozen point mutations [77].

The Fe-heme-dependent protein myoglobin has also been exploited as a
scaffold for promiscuous transformations using the natural Fe but also other
transition metals [81]. The WT myoglobin from whale sperm was chosen,
which showed 86% diastereoselectivity favoring the E-diastereomer (trans
configuration), but as a racemate. Relying on the known crystal structure of this
myoglobin, residues F43, H64, and V68 “above” the heme-plane as well as H93
“below” it were identified, all four sites serving as hotspots at which rational
enzyme design (see Chapter 3) was considered in the model cyclopropanation
of styrene with ethyl diazo acetate (Scheme 7.17). The structural data allowed
speculation as to possible amino acid exchanges, and a small set of small and
larger amino acids were introduced at the hotspots. Some single mutants showed
improvements in enantioselectivity, which led the researchers to form various
combinatorial double mutants, especially H64V/V68A, leading to complete
trans-preference in the model reaction. The myoglobin of whale sperm is a small
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Scheme 7.17 (a) Site-directed mutagenesis of sperm whale myoglobin on the key residues
F43, H64, and V68. (b) Proposed mechanism of styrene cyclopropanation catalyzed by myo-
globin. Source: Ref. [81a]/Jlohn Wiley & Sons.
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protein (17 kDa), which as a scaffold for promiscuous transformations has some
advantages over P450-BM3.

Particularly impressive results were reported by replacing the natural Fe in
heme-dependent proteins by other metals such as iridium (Ir), which provided
highly active and selective promiscuous biocatalysts (Scheme 7.18) [82]. Meth-
ods for exchanging Fe in cofactors with other transition metals were a strategy
that had been used for a long time, mainly for mechanistic studies [83]. The
concept was first applied using myoglobin [82a] and in rapid succession to
the thermostable CYP119 from Sulfolobus solataricus [84], which proved to be
the better scaffold [82b]. Based on rationally chosen mutations for a limited
directed evolution campaign comprising about 200 variants, extraordinarily
active and selective mutants were evolved for several different promiscuous
transformations (Scheme 7.18) [82b]. Earlier, residues T213 and T214 had
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Scheme 7.18 Intra- and inter-molecular promiscuous reactions of mutants of Ir(Me)-PIX
CYP119. Me = methyl; PIX = acronym for promiscuous metal porphyrins. Source:
[82b]/American Association for the Advancement of Science.
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already been identified as hotspots, which regulate the active site structure, spin
state, and natural activity [84]. In the study of Ir-CYP119, steric and electronic
factors based on structural information were considered, including amino acid
exchange T213G, leading to activities that match those of natural enzymes!

In summary, the concept of exchanging the natural Fe with other transition
metals in porphyrins, especially via introduction of Ir, opens a new chapter
in the field of promiscuous biocatalytic reactions. Thus far, the results appear
to be superior those obtained using Fe-based heme proteins. Recently, several
exciting new advancements were reported [85]. A noteworthy example is
the use of a combination of semi-rational mutagenesis and Focused Rational
Iterative Site-specific Mutagenesis (FRISM) [85a]. In this particular appli-
cation, Ir(Me)-CYP119 was mutationally manipulated in order to enforce a
drastic enhancement of activity (Scheme 7.19). Steps toward increasing the
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Scheme 7.19 Rational enzyme design based of Ir(Me)-CYP119 as the catalyst for carbene
on a combination of semi-rational design insertions into N—H bonds in whole cells.
and Focused Rational Iterative Site-specific ~ Source: Ref. [85a]/John Wiley & Sons.
Mutagenesis (FRISM) for enhancing activity
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enantioselectivity were also undertaken. In another noteworthy contribution,
the unnatural biosynthesis of terpenoids was enabled by the application of
ISM [85c]. Further studies pertain to cooperative asymmetric reactions by
combining photocatalytic or chemocatalytic cis/trans olefin-isomerization and
ene-reductases [86]. These are examples of combining chemo-and biocatalysis
in one system [87].

Along a different line, artificial metalloenzymes were devised for olefin
metathesis in water [88]. In one study, a Grubbs-Hoveyda type Ru-catalyst
was anchored covalently according to Scheme 7.4A to the $3-barrel structured
protein nitrobindin, this artificial metalloenzyme mediating olefin metathesis
in aqueous medium at an unusually high catalytic rate (Figure 7.5) [88a]. Some
mutational effects were observed. In a second study, noncanonical amino acids
employing the expanded genetic code were incorporated site-specifically into
the ribosomal lasso peptide capistruin, which enabled the anchoring of the
Grubbs—Hoveyda Ru-catalyst [88b]. The field of protein-based olefin metathesis
transformations has since been reviewed [89]. These systems display olefin
metathesis activity, but thus far they have not solved the problem of cis/trans
selectivity in a general way. For example, the exceedingly challenging problem
of cis-selectivity when employing different kinds of olefinic starting materials
remains unsolved, in contrast to novel developments of protein-free catalysts
reported recently by the Grubbs group [90].

Finally, a unique approach to the construction of promiscuous metalloenzymes
has been proposed based on the utilization of designed short self-assembling
(amyloid-type) peptides that bind hemin [91]. Such biocatalysts were first
applied in cyclopropanation reactions, resulting in modest enantioselectivity
(Scheme 7.20). However, protein engineering can now be applied. What also
speaks for this platform is the possibility to design the same peptides with amino
acids of opposite absolute configuration, which leads to opposite enantiomers in
product formation. Moreover, unnatural amino acids accessible by the expanded
genetic code can also be introduced in the designed amyloid-like peptides.

Artificial metathease

Figure 7.5 An artificial olefin metathease based on anchoring a Grubbs - Hoveyda
Ru-catalyst covalently to the protein nitrobindin. Source: Ref. [88a]/American Chemical
Society.
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Scheme 7.20 Representation of hemin association with catalytic self-assembling short
peptides of the amyloid-type, making cyclopropanation reactions possible. Source: Ref.
[91]/John Wiley & Sons.

7.4
Conclusions and Perspectives

Without any doubt, the initial reports on the directed evolution of artificial
metalloenzymes opened the door to a new research field [30]. Discovering
promiscuous enzymes in nature or creating such biocatalysts by designing
artificial metalloenzymes continues to this day [1]. However, more basic and
applied research is necessary to prove that these studies are not provisional
hype. In most of the cases studied thus far, activity was found to be low. As
shown in Section 7.2, the application of directed evolution provides the potential
to remedy the situation. Indeed, examples have been reported in which notable
enhancement of activity was accomplished, sometimes accompanied by excel-
lent stereo- and/or regio-selectivity. On a (self)-critical note, it needs to be stated
that such cases are the exception [88a]. Moreover, many more improvements
are necessary before real (industrial) applications become a reality in any of
the approaches delineated in this chapter. This pertains especially to artificial
metalloenzymes, because these biocatalysts have to be compared to the growing
number of efficient man-made transition metal catalysts characterized by much
lower molecular weights and higher activities [1]. As an example, directed
evolution-based mutants of a biotinylated Rh-diphosphine complex anchored
to streptavidin led to enhanced enantioselectivity at each evolutionary stage,
but activity was not improved (Scheme 7.7) [5]. Thus, in the area of artificial
metalloenzymes, the primary challenge revolves around the basic question
of how to easily enhance the intrinsic activity of a given transition metal. In
addition, the following challenges and questions should be considered in this
field:

« How to make the metal-ligand binding site beyond the inner cavity, inter alia,
on the surface.
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How to balance the energetics when protein folding with artificial ligand in
order to keep the desired coordination geometry.

How to balance the stabilization and conformational dynamics to ensure
the catalytic promiscuity, when designing and/or engineering promiscuous

enzymes.

How to choose an appropriate scaffold as a starting point, since not all protein

scaffolds are evolvable.

Why is it sometimes necessary to add a reducing agent, e.g. Na,S,0,, to the

reaction system, and in similar cases not?
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8
Learning Lessons from Protein Engineering

8.1
Introductory Remarks

The introduction of point mutations into proteins with the aim of clarifying
basic enzyme mechanisms has been practiced for a long time [1, 2]. For example,
active site residues of suspected catalytic triads can be identified by this tech-
nique. In other studies, two point mutations, dubbed X and Y, were introduced
separately, likewise for mechanistic purposes. Their individual contributions to
the catalytic profile (activity) were measured and subsequently compared to the
mutational effect of the respective combined double mutant [3]. In most cases,
additive effects regarding mutation X and mutation Y were found according to
the Fersht equation (Eq. (8.1)), in which the “additional” free energy term AAG;
is zero.

AAGyy, = AAGy, + AAGy, + AAG, (8.1)

This means that the two mutations, being independent, do not interact with
one another on a molecular level, as shown by a survey of several studies at the
time [3c] (Figure 8.1). Further examples of classical mutational additivity were
reported later [4].

A different situation arises when applying protein engineering to manipulate
the catalytic profile of an enzyme for practical purposes, especially when aiming
to enhance or invert stereo- and/or regioselectivity (see Chapters 4 and 5). In
such cases, it is rewarding to invest further research efforts to unveil the origin of
mutational effects on a molecular level, which in turn helps researchers in future
protein engineering studies [5, 6]. The term “Learning from Directed Evolution”
was coined as early as 2004 [7] and continues to play an important role in terms
of basic research and its influence on practical applications [6]. It is important to
realize that two different types of lessons have been learned [6]:

+ Unraveling the reasons for altered catalytic profiles with the generation of
knowledge exposing as yet unknown intricacies of enzyme mechanisms (see
Section 8.2).
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Figure 8.1 Changes in transition-state glutathione reductase. The dashed line has
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from subtilisin, tyrosyl-tRNA synthetase, Chemical Society.

trypsin, dihydrofolate reductase (DHFR), and

Discovering whether the effect of mutations in proteins is classically additive or
nonadditive (cooperative or antagonistic) by way of mutational deconvolution
and construction of fitness pathway landscapes (Section 8.2).

In this chapter, attention is also paid to the concept of unexplored fleeting chi-
ral intermediates that occur in different types of enzymes, but which have been
largely ignored in enzymology, biochemistry, and biotechnology [8] (Section 8.3).
It has started to influence directed evolution and interpretations of mutations.
Finally, protein engineering has been used to address fundamental questions in
the field of evolutionary biology when asking how many upward evolutionary
pathways exist connecting a WT enzyme and a multi-mutational variant in nat-
ural environments [9, 10]. However, since the authors of this monograph believe
that evolution in nature is generally different from evolution in the laboratory
[5, 6, 11], caution in