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This review outlines recent developments in protein engineer-
ing of stereo- and regioselective enzymes, which are of prime
interest in organic and pharmaceutical chemistry as well as
biotechnology. The widespread application of enzymes was
hampered for decades due to limited enantio-, diastereo- and
regioselectivity, which was the reason why most organic
chemists were not interested in biocatalysis. This attitude began
to change with the advent of semi-rational directed evolution
methods based on focused saturation mutagenesis at sites
lining the binding pocket. Screening constitutes the labor-
intensive step (bottleneck), which is the reason why various
research groups are continuing to develop techniques for the
generation of small and smart mutant libraries. Rational enzyme
design, traditionally an alternative to directed evolution,
provides small collections of mutants which require minimal

screening. This approach first focused on thermostabilization,
and did not enter the field of stereoselectivity until later.
Computational guides such as the Rosetta algorithms, HotSpot
Wizard metric, and machine learning (ML) contribute signifi-
cantly to decision making. The newest advancements show that
semi-rational directed evolution such as CAST/ISM and rational
enzyme design no longer develop on separate tracks, instead,
they have started to merge. Indeed, researchers utilizing the
two approaches have learned from each other. Today, the
toolbox of organic chemists includes enzymes, primarily
because the possibility of controlling stereoselectivity by
protein engineering has ensured reliability when facing syn-
thetic challenges. This review was also written with the hope
that undergraduate and graduate education will include
enzymes more so than in the past.

Introduction

Over millions of years, Nature has evolved enzymes that
function as selective catalysts in all living organisms. About a
century ago, industrial chemists started to discover that
enzymes can be exploited as catalysts in reactions of some
unnatural compounds.[1] Unfortunately, their widespread use in
organic and pharmaceutical chemistry was severely limited by
the often observed low or wrong stereoselectivity as well as
narrow substrate scope.[2] Consequently, organic chemists were
not “fond” of enzymes and chose not to include them in most
undergraduate or graduate chemical courses.

The advent of directed evolution in the period 1986–1997
marked the beginning of a fundamental change in attitude, as
evidenced by seminal papers on increasing enzyme thermo-
stability (kanamycin nucleotidyltransferase),[3] robustness to-
ward hostile organic solvents (protease),[4] resistance to anti-
biotics (β-lactamase),[5] and especially enhancing
enantioselectivity (lipase).[6] Iterative cycles of mutagenesis,
expression and screening (or selection) form the basis of all

techniques of directed evolution, which means that the best
mutant of the first cycle is used as a template for mutagenesis
in the next cycle, and so on.[2] The primary bottleneck is the
screening step, especially when aiming to enhance or invert
enantioselectivity, for which high-throughput ee-assays had to
be invented.[2d,6] Prior to these historical landmarks, 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,[7]

which in principle set the stage for so-called rational design of
enzymes as an alternative to directed evolution. Accordingly, a
limited number of predictions of point mutations are made and
then the small collection of variants are tested experimentally.
This exciting new research field originally first focused on
thermostability,[8] although enzyme immobilization as part of
process engineering was another technique for stabilization.[1d,9]

Rational enzyme design for increasing enzyme thermostability
and resistance to hostile organic solvents was guided by the
concept of introducing salt bridges on the protein surface,
constructing disulfide bonds for rigidification, performing
molecular dynamics (MD) simulations, and applying phyloge-
netic analyses (consensus).[10] As the field progressed, the
accumulating knowledge of mutational effects provided further
support. In parallel, increasing the robustness of enzymes was
also studied by directed evolution.[11] However, organic chem-
ists were not impressed by any of these advances because they
were interested in stereoselectivity for which many synthetic
transition metal catalysts were being developed with impressive
success.[12]

In the early phase of rational protein engineering, control-
ling stereoselectivity was considered to be a daunting task.[13]

[a] M. Reetz
Max-Planck-Institut fur Kohlenforschung
Mülheim an der Ruhr (Germany)
E-mail: reetz@mpi-muelheim.mpg.de
Homepage: https://www.kofo.mpg.de/en/research/biocatalysis

This article is part of a Special Collection dedicated to the Biotrans 2021
conference. Please see our homepage for more articles in the collection.

© 2022 The Authors. ChemBioChem published by Wiley-VCH GmbH. This is
an open access article under the terms of the Creative Commons Attribution
Non-Commercial License, which permits use, distribution and reproduction
in any medium, provided the original work is properly cited and is not used
for commercial purposes.

ChemBioChem

www.chembiochem.org

Review
doi.org/10.1002/cbic.202200049

ChemBioChem 2022, 23, e202200049 (1 of 8) © 2022 The Authors. ChemBioChem published by Wiley-VCH GmbH

Wiley VCH Montag, 04.07.2022

2214 / 246547 [S. 8/15] 1

http://orcid.org/0000-0001-6246-647X
https://www.kofo.mpg.de/en/research/biocatalysis
https://chemistry-europe.onlinelibrary.wiley.com/topic/vi-categories-14397633/special-collections/14397633


Predicting the necessary exchange of an amino acid at a given
residue for enhancing or even inverting enantioselectivity
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 be implemented at
each residue?

Being aware of these difficulties, my group initially chose for
the problem of manipulating stereoselectivity, not rational
design, but directed evolution utilizing mutagenesis based on
error-prone polymerase chain reaction (epPCR),[6] a random
mutagenesis technique.[14] The hydrolytic kinetic resolution of 2-
methyl decanoic acid p-nitrophenyl ester, catalyzed by the
lipase from Pseudomonas aeruginosa (PAL), served as the model
experimental platform and the selectivity factor E as the degree
of enantioselectivity (E= relative rate of reaction of one
enantiomeric substrate with respect to the other). Following 4
rounds of epPCR, the enantioselectivity factor increased 10-fold
from E=1.4 (S enantiomer) to E=11, at the time a break-
through, but far from industrially relevant.[6] Since subsequent
epPCR experiments proved to be disappointing (E=13), my
doctoral student Steffi Wilensek suggested focused saturation
mutagenesis at sites lining the binding pocket using so-called
NNK codon degeneracy (20 canonical amino acids as building
blocks), the first time that this technique was applied to
stereoselectivity.[13,15] It worked, but the breakthrough came
later (E=594) with the systematization in the form of
Combinatorial Active-site Saturation Test (CAST). It was a crucial
move from “blind” to semi-rational directed evolution of
stereoselectivity.[2d,15] Iterative Saturation Mutagenesis (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.[2d,16,17] Thus, CAST/ISM as a focused technique is fundamen-
tally different from iterative epPCR, or iterative DNA shuffling, a
recombinant technique in which homologous genes or genes
of several mutants are disassembled into pieces (oligonucleo-
tides) and then reassembled by PCR.[5] It is also different from
using a mutator strain, which like epPCR is a random muta-
genesis method.[18]

The early CAST/ISM studies were the beginning of method-
ology development in directed evolution with the purpose of
providing semi-rational methods for mutant library construc-
tion, which eventually enabled a dramatic reduction of the
screening labor.[2d] During the last few years, we and others
intensified efforts to produce smaller and smarter mutant
libraries. These new developments are summarized below, the
advancements serving as an inspiration for merging semi-
rational directed evolution and rational enzyme design.

Semi-Rational Methods in Directed Evolution

Following the realization that recursive cycles of epPCR do not
lead to high-quality mutant libraries, certainly not when
wanting to influence stereoselectivity,[13] we reasoned early on
that it is necessary to sharpen the CAST/ISM tools, as
summarized in a recent review.[2d] Today, the screening effort of
a CAST library typically amounts to 1000 to 2000 transformants,
while exploratory on-plate assaying for activity can lead to
further reductions. The guidelines for implementing CAST/ISM-
based semi-rational enzyme directed evolution are as follows,
which are similar to those of rational enzyme design:
* X-ray data or homology model
* Mechanistic information
* Previous mutational data
* Phylogenetic analysis (consensus technique)
* Docking and molecular dynamics (MD) computations
* Machine learning (ML)

The goal of CAST/ISM is to manipulate the shape of the
binding pocket so that the substrate of interest will be
transformed stereo- and/or regioselectively as desired by the
operator (Figure 1).[2d,16,17] This is reminiscent of Emil Fischer’s
famous lock-and-key hypothesis[19] and Linus Pauling’s exten-
sion thereof, according to which interactions between substrate
and appropriate protein residues lower the energy of the
transition states.[20] This has been impressively visualized by X-
ray structures of evolved stereocomplementary mutants of an
epoxide hydrolase in comparison with the wildtype (WT)
structure, and explained by MD computations.[21] Saturation
mutagenesis at a single residue is generally called site-
saturation mutagenesis (SSM), while simultaneous randomiza-
tion at more than one residue has been dubbed combinatorial
saturation mutagenesis (CSM).[2d] In the CAST/ISM concept, not
all residues identified by the above guidelines need to be
considered (Figure 1b). When choosing 2, 3 or 4 CAST sites,
then 2, 6 or 24 upward pathways, respectively, are theoretically
possible (Figure 1c). They do not necessarily terminate with the
same multi-mutational variant. Not all pathways need to be
explored, as was done in a model study,[22] but some upward
climbs are better than others. Tips on how to escape from
possible local minima include the utilization of an inferior
mutant as a template in the subsequent round of saturation
mutagenesis.[22]

Thus far, nothing has been noted about statistical aspects
relating to the degree of oversampling in the screening step,
yet the mathematics are, in fact, at the heart of CAST/ISM. As an
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organic chemist, I wondered early on whether the traditional
use of NNK codon degeneracy encoding all 20 canonical amino
acids is really necessary, or whether a much smaller number, a
so-called reduced amino acid alphabet, would suffice. But why
should lower structural diversity of the building blocks have any
advantage? For example, why not use NDT codon degeneracy,
which encodes only 12 amino acids, representing a cocktail of
charged/non-charged, aromatic/non-aromatic, and small/large
amino acids? In order to illuminate this issue, we exploited the
Patrick/Firth statistical algorithm[23] for calculating the degree of
oversampling to reach 95% library coverage (or any other %)
by developing the user-friendly CASTER computer aid.[17] It can
then be seen that the screening effort for a given %-library
coverage is drastically reduced. Alternatively, the Nov-metric
can be used to estimate the nth best mutant.[24] An extensive
statistical study recently demonstrated that our original hypoth-
esis is correct, namely that when applying saturation muta-
genesis, it is better to reduce diversity on the basis of an
appropriate reduced amino acid alphabet and to screen for
maximum library coverage, rather than employing NNK codons
and screening only a minute part of the respective protein
sequence space.[25] Indeed, we and others had already started
to utilize all kinds of codon degeneracies with reduction of
structural diversity.[26] In the extreme case, a reduced amino
acid alphabet can consist of a single amino acid. The respective
codon can then be applied when randomizing at a site
comprising several residues, or even a single residue. 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.[27] This low number is
comparable to the screening effort in many studies which rely
on rational enzyme design, which again suggests that the two
approaches to protein engineering are merging.

Another development in directed evolution and in rational
enzyme design concerns the use of Machine Learning (ML) and
Deep Learning (DL), which in recent times have pervaded the
life sciences for a variety of different applications.[28] ML involves
the creation of algorithms that enable computers to learn, so
that defined tasks can be performed more easily for specific
practical applications. ML includes Artificial Neural Networks,
often called Deep Neural Networks which have intermediate
information layers. These are part of DL. From the viewpoint of
synthetic organic chemistry, the most important applications of
ML/DL concern stereo- and regioselectivity of enzymes.[28b] The
first attempt in this respect was made in 2012 with a study of
the hydrolytic kinetic resolution of a rac-glycidyl phenyl ether,
catalyzed by mutants of the epoxide hydrolase from Aspergillus
niger (ANEH), their sequence being predicted by application of
the Adaptive Substituent Reordering Algorithm (ASRA).[29] It is
quite different from traditional structure-activity relationships
(QSAR), because only patterns of regularity apparent in the
input data are needed.[29,30] In all ML studies, the quality of the
input data is crucial. In the ANEH study utilizing ASRA, data
from an earlier experimental CAST/ISM investigation was used,
which had led to the enhancement of enantioselectivity from
E~5 to E=115. ASRA predicted new variants with stereo-
selectivity factors of E>50, which was substantiated
experimentally.[29] Nevertheless, it still needs to be applied in
more challenging cases.

The second ML-based study of enzyme enantioselectivity
was reported in 2019,[31] utilizing the previously developed
metric innov’SAR as applied to the same ANEH-catalyzed kinetic
resolution. This algorithm is based on an innovative sequence-
activity relationship approach, in which Fourier transform (FT)
plays an essential role. Choices for suggesting amino acid
exchange events are based on the electronic and steric proper-
ties of the respective amino acids, guided by structural and
mechanistic data and by the consensus technique. Variants with
extremely high enantioselectivity factors were predicted. For
example, one variant was suggested to have a never before
reported sequence, that was expected to enable a selectivity
factor of E=250. This prediction was experimentally validated
(E=253) (Figure 2).[31]

The relative merits of ASRA versus innov’SAR were recently
summarized, but more studies are necessary before final
conclusions can be made.[28b] As this review was being finished,
the third study appeared describing the use of ML in
manipulating enzyme stereoselectivity, this time involving a Fe/
β-ketoglutarate dependent halogenase for late-stage function-
alization of pharmaceutically important soraphens.[32]

Current Methods of Rational Enzyme Design

Studies reporting rational and semi-rational enzyme design for
enhancing protein stability[8] have continued to the present day,

Figure 1. CAST/ISM schemes.[2d] a) Schematic representation of CAST sites.
b) Illustration indicating that only a limited number of CAST sites (red-
marked) generally need to be considered for obtaining excellent results.
c) Schematic representation of ISM showing the number of upward path-
ways when choosing 2, 3 or 4 CAST sites, each composed of a single or of
several residues. SM: Saturation mutagenesis: SSM: Site-saturation muta-
genesis; CSM: Combinatorial saturation mutagenesis.
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but will not be reviewed here. A number of de novo protein
design algorithms have been developed for a variety of
applications, the Rosetta computer package[33] and HotSpot
Wizard algorithms[34] being two particularly prominent exam-
ples, which nowadays include ML/DL techniques. Rosetta
involves a multi-step computational procedure based on:
* Protein structure prediction
* QM energy refinement
* Sequence design
* Additional guidance in decision making by ML/DL and other

techniques

An impressive example is a stereoselective Diels–Alder
cycloaddition (Figure 3). First, over 200 Rosetta-predictions were
made for possible mutants, based on QM computations. Then,
84 were expressed and tested in the shown model reaction.[35]

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 authors stated that the
relatively low success rate indicates that the rational approach

Figure 2. The innov’SAR workflow used in the ML-based prediction of enantioselective ANEH variants as catalysts in the hydrolytic kinetic resolution of glycidyl
phenyl ether (fitness defined by the enantioselectivity factor E).[31]

Figure 3. Biocatalytic stereoselective Diels–Alder cycloaddition achieved by rational design using Rosetta algorithm.[35] Reproduced with permission from
Ref. [35]. Copyright 2010, The American Association for the Advancement of Science.
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needs further improvements.[35] It would be great to design
exo-selectivity.

In other cases, Rosetta-based rational design was combined
with semi-rational CAST-like mutagenesis, as in the biocatalytic
Kemp elimination.[36] Promiscuous transformations catalyzed by
mutants of artificial metalloenzymes continue to be enabled
primarily by semi-rational mutagenesis at sites lining the
binding pocket,[2f,37] more recently also guided by ML/DL.[28d]

Rosetta undergoes continuous improvements. For example,
protein backbone manipulation by RosettaRemodel is based on
a unified interface to the Rosetta modeling suite, with which
the control over numerous aspects of flexible backbone protein
design computations are possible.[38a] The design challenges
include loop insertion/deletion, disulfide engineering, domain
assembly, loop remodeling, motif drafting and de novo
structure modeling (Figure 4). An informative review of an
approach to computer-based enzyme design which unites the
newest developments in the areas of computational chemistry
and biology appeared a decade ago, which includes the utility
of Rosetta.[38b]

As noted above, HotSpot Wizard is another outstanding
technique for rational enzyme design.[34] The respective work-
flow is user-friendly. Tips for selecting substitutions at hotspots
identified by other protein engineering strategies such as
sequence consensus are provided.

In addition to Rosetta and Hotspot Wizard, which can be
combined with Machine Learning (ML), other important
techniques of use 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.[39] This allows the identification of potential hotspots
at which further mutagenesis can be performed, while occa-
sionally 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.[40] A fingerprint of positive, neutral and detrimental
effects at 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 the first (rate-determining)
step in the biosynthesis of antimalarial artemisinin.[41] Up to 16
residues surrounding 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 kcat 5-fold.[41] In principle, this could be improved
even more if the sequence and mutational information were to
be used in a follow-up ISM-study.

Indeed, a strategy comprising rational mutability landscap-
ing in combination with semi-rational ISM was applied to the
known F87A mutant of P450-BM3 in the quest to achieve regio-
and diastereoselective C16α- and C16β-hydroxylation of testos-
terone and 4 other steroids with high activity.[42a] Based on
previous mutational data, 5 residues were identified as
hotspots, and only 95 variants with polar/non-polar and small/
large amino acid substitutions were produced, leading to
important insights. For example, variant A82 L was found to
enhance conversion 3-fold, while polar amino acids diminish
activity, and A82W shifts regio- and diastereoselectivity toward
formation of the 16β-product (3%!41%). Moreover, MD
simulations showed at which residues steric clashes with the
steroid occurred, and also indicated dynamic effects. Then
rational ISM followed with a screening effort as low as 767
transformants for assaying individual libraries, leading to
variants with considerably better catalytic profiles than earlier
attempts of rational design of 16C-selectivity.[42b] In the latest
steroid study, the concept of complete deconvolution was
applied to an earlier quadruple mutant showing a different
regioselectivity, flanked by MD computations.[42c] Previously, my
group had practiced complete deconvolution of multi-muta-
tional variants as a unique way to learn lessons in protein
engineering, since it allows the construction of fitness pathway
landscapes at each evolutionary stage. The focus was always on
a single catalytic parameter such as stereoselectivity. In the new
study, three parameters were involved for the first time, regio-
and diastereoselectivity as well as activity, which all contribute
to overall fitness.[42c]

Prior to these rational and semi-rational protein engineering
studies,[42] rational enzyme design had been applied to the
standard P450-BM3 monooxygenase using (4R)-limonene as a
chiral substrate.[43] WT delivers a mixture of products at low
conversion. The aim was to increase activity for C7-hydroxyla-
tion with formation of perillyl alcohol. The rational design
campaign involved several steps, starting with screening of a
previous mutant library and performing MD computations,
leading to the decision to test the introduction of hydrophobic
amino acids alanine, valine, phenylalanine, leucine and isoleu-

Figure 4. The utility of RosettaRemodel for a variety of protein backbone
manipulations.[38a] The crystal structure of the model protein G (PDB ID:
1PGA) served as the starting point of the different cases. The colored regions
indicate places of predictions made by RosettaRemodel.
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cine at various residues. A collection of 48 single and double
mutants at residues 87 and 328 were tested, and variant A328V
was found to form 27% perillyl alcohol. Using this mutation,
rational mutagenesis at positions 87 and 328 was checked
again with introduction of hydrophobic amino acids, but no
improvements were noted. Following more MD simulations,
mutations regarding hydrophobic amino acids were added to
mutant A328V, leading to 60% of the desired product. In the
third round, a similar strategy resulted in the further addition of
A328V/L43F allowing for 97% conversion to perillyl alcohol.
Like ISM, the overall strategy is focused, not random iterative
mutagenesis, except that only small collections of mutants had
to be generated and screened.[43]

Along the same line of reasoning, rational enzyme design
was implemented for the generation of more active mutants of
deacetoxycephalosporin C synthase from Streptomyces
clavuligerus.[44a] As the authors noted, they were inspired by ISM
and therefore dubbed the technique Iterative Combinatorial
Mutagenesis (ICM), which led to distinctly enhanced activity
toward penicillin G. The starting template was a known
quadruple mutant C155Y/Y184H/V275I/C281Y, evolved by the
same authors using random epPCR and DNA shuffling and
screening of ~10,500 clones, which had shown a 41-fold
increase in kcat/KM relative to WT. In 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 kcat/KM relative to WT.[44a] The
criteria (guidelines) for predicting the 24 new mutants were not
offered. MD computations were also not performed, but
reference to earlier mutations was made, which was probably
helpful. Nevertheless, the practical results are of notable
significance in the pharmaceutical industry. A related rational
design strategy was used in biocatalytic Pictet–Spengler
reactions with formation of pharmaceutically important 1-
aryltetrahydro-β-carbolines.[44b]

Based on recent developments of CAST/ISM, in which
smaller and smaller saturation mutagenesis libraries ensure
higher efficiency,[2d] it can be concluded that a sharp separation
line between advanced semi-rational directed evolution and strict
rational enzyme design does not exist. This is also apparent with
the development of a technique dubbed Focused Rational
Iterative Site-specific Mutagenesis (FRISM).[45] It was directly
inspired by CAST/ISM, and continues along previous rational
enzyme design strategies.[35,43,44a] The systematization of FRISM
is shown in Figure 5.[2d] Upon focusing first on site 1 using a
limited number of the 20 canonical amino acids as building
blocks, a set of variants are predicted and assayed in the
laboratory, the best one then being used similarly in the second
step at site 2. Each site can be composed of one or more
residues. The same procedure is applied for the opposite order
of genetic events, first site 2 and then site 1. Since the two
pathways are not necessarily expected to deliver the same final
variant, the scheme in Figure 5a is not symmetrical. When 3
sites are chosen, 3!=6 pathways are possible, two being
illustrated in Figure 5b.[2d] In contrast to the ICM
investigation,[44a] in the first FRISM study a recipe was offered
for rationally choosing a limited number of residues as hotspots

and guides for deciding on specific amino acid exchanges
thereat.[2d,45]

The kinetic resolution employing a racemic alcohol and a
racemic acid ester was performed, catalyzed by the lipase from
Candida antarctica B (CALB).[45] This means that two diastereo-
meric products are possible, each with two chirality possibilities
(enantio-preference), forming four different stereoisomers. All
four pathways were successfully explored, leading to >95%
diastereoselectivity and >95% enantioselectivity, which re-
quired a total screening effort of less than 100 mutants! This
was achieved by considering the binding pocket as being
composed of an ester- and an alcohol-cavity, in conjunction
with known mechanistic and X-ray structural data. Then, mainly
steric factors supported by MD computations were assessed as
guides for predicting and testing the limited number of
designed mutants.[45]

In rapid succession, FRISM has been applied and extended
using different enzyme types, each time guides for making
rational choices being offered.[46] Prominent examples concern
a photodecarboxylase,[46a] and a glycosyltransferase for syntheti-
cally difficult regioselective glucosylation of poly-hydroxy
compounds.[46b] Interestingly, around the same time a study
appeared in which a glycosyltransferase was also engineered
for substrate acceptance (plant flavonoids) using CAST/ISM, the
authors noting that the use of FRISM would not have provided
their best quadruple mutant.[47] Advanced versions of CAST/ISM
and FRISM are thus complementary rational techniques, each with
similar computational supports. Other computational advances

Figure 5. Illustration of Focused Rational Iterative Site-specific Mutagenesis
(FRISM).[2d] a) FRISM with 2 mutational sites; b) ISM with 3 mutational sites, 2
of the 6 possible pathways being shown.

ChemBioChem
Review
doi.org/10.1002/cbic.202200049

ChemBioChem 2022, 23, e202200049 (6 of 8) © 2022 The Authors. ChemBioChem published by Wiley-VCH GmbH

Wiley VCH Montag, 04.07.2022

2214 / 246547 [S. 13/15] 1



likewise deserve mention.[48] This includes rational enzyme
design of access tunnels.[48g,49]

Conclusions and Perspectives

For many years, the two fields of protein engineering, rational
enzyme design and directed evolution, seemed to move
forward on two different parallel tracks. However, when
research began to focus on making stereo- and/or regioselec-
tive enzymes suitable for organic chemistry,[16,17] a sharp division
between semi-rational saturation mutagenesis and rational
design never reflected the true state of affairs. Indeed, the semi-
rational technique of CAST/ISM has become more and more
rational as time went by, requiring considerably less
screening.[2d] FRISM appears to be a successful fusion of the two
approaches to protein engineering,[45,46] although more research
is necessary for final evaluations. An excellent review illuminat-
ing challenges from an industrial viewpoint has appeared,
which includes patent issues.[2c]

Finally, the recent finding that high-fidelity chemical gene
synthesis of small and medium-sized mutant libraries is possible
in parallel on Si-chips may well constitute another future
perspective, provided the prices continue to go down.[50] This
does not mean that researchers are relieved from designing
mutant libraries. The users of this commercial option should
make sure that the company provides quantitative evidence of
the actual quality by complete sequencing. It allows operators
to spend less of their valuable time in the laboratory performing
routine work, and more for rationally designing mutants with
the help of the progressive techniques summarized in this
review.
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