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1. INTRODUCTION

Catalysis is a key discipline in chemistry enabling clean and
cost-efficient processes for a large variety of different products
and, therefore, has a strong economic impact in industry. Its high
innovation potential is shown by the number of Noble Prizes
devoted to this discipline. The latest prize, in 2010, was awarded
jointly to Richard F. Heck, Ei-ichi Negishi, and Akira Suzuki for
palladium-catalyzed cross couplings in organic synthesis.

Compared to homogeneous and heterogeneous catalysis, bio-
catalysis, until the past few decades, received much less attention
in chemistry despite its huge potential derived from the exclu-
sive properties of enzymes. High turnover frequencies (up to
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107 s "1)" and amazing selectivities should be very attractive to
synthetic chemists, but the limited number of industrial applica-
tions did not reflect this potential for a long period of time. The
reason for this situation was not only limited access to enzymes
and high enzyme production costs, but also poor performance of
“black-box” wild-type strains or extracts of these microorganisms
from which the responsible enzyme was not even known.

After the introduction of recombinant DNA technology in the
late 1980s, the picture changed significantly in favor of biocata-
lysis. Enzymes could be identified much easier and produced
more cheaply. Recombinant DNA technology also paved the way
for enzyme engineering, a tool very much needed to address
limitations for synthetic applications of enzymes found in nature.

More than 100 industrial enzymatic processes have been
introduced since then,” but the perception about inefficient
enzymes still persists. There is good reason to believe that this
perception will change not only by experiencing a growing
number of successful applications, but also by looking at the
progress in technologies we have witnessed during the past
decade. Truly revolutionary technologies in genome sequencing,
bioinformatics, and gene synthesis have provided fast access to a
huge biodiversity and at low cost, which nobody would have
predicted only 10 years ago. Our synthetic toolbox is, therefore,
rapidly filling with thousands of enzymes, providing a much
higher chance of success in identifying a useful biocatalyst,
enabling a critical step in chemical synthesis, and even if the
identified best performing enzymes from nature are still not good
enough, there is strong evidence that limitations in stability,
activity, or selectivity can be efficiently addressed in our labora-
tories by increasingly powerful enzyme engineering strategies.
In this review, we give a brief overview of different enzyme
engineering strategies and highlight successful performance im-
provements of oxidoreductases, transferases, hydrolases, lyases,
and isomerases used in organic synthesis. These examples should
give a flavor of our possibilities and the state of the art of using
designed enzymes in organic synthesis.

The literature is covered up to early 2010, and 272 references
are cited.

2. RECOMBINANT DNA TECHNOLOGY

Before molecular cloning and heterologous protein expression
strategies facilitated production of large quantities of recombi-
nant enzymes much cheaper than before, only rather abundant,
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natural enzyme sources were applicable to organic synthesis.’
The initial stages of recombinant enzyme production for bioca-
talytic applications were based on creation of genomic libraries of
organisms that contained the desired enzyme activity.* Subse-
quent activity screens aided in the isolation and identification of
the corresponding DNA sequences. At best, high amounts of
native enzyme conferring the same chemo-, stereo-, and regios-
electivities as the enzyme from the natural source were accessible.
Cloning artifacts triggering DNA base exchanges sometimes led
to altered selectivities. Point mutations were introduced inten-
tionally into expression constructs by UV radiation,” by treat-
ment with mutagenic agents,® or by using mutator strains that
confer increased mutation rates because of defective DNA repair
mechanisms.”

Upon the elaboration of the polymerase chain reaction method,®
amplification of enzyme-encoding DNA sequences not only al-
lowed highly specific base exchanges (site-directed mutagenesis),”
but also facilitated random mutagenesis ™ and in vitro DNA
shuffling approaches.'" The latter were evolved toward family
shuffling techmques combining the features of closely related
enzymes.'” On the other hand, the mutational bias of random
mutagenesis methods was largely alleviated by combmlng two
low-fidelity DNA polymerases with opposing bias."* Lately, whole
genes have been synthesized de novo usually taking into account
the codon preferences of the desired protein expression hosts
and occasionally also revising undesired DNA sequence elements,
e.g, restriction enzyme recognition sites."* All of these methods
extend the vast DNA sequence space for designing novel enzyme
functionalities.

3. APPROACHES TO DESIGNED ENZYMES

3.1. Rational Design

In the ideal case the enzyme of interest or at least a close
homologue thereof has been purified, crystallized, and investi-
gated by X-ray crystallography. Preferentially, this has also been
done with cocrystallization of the substrate of interest, the
product, or a substrate-like inhibitor, locking the enzyme in a
catalytically active state and defining the amino acids (in)directly
involved in catalysis. Besides the catalytic residues of the protein,
the amino acids delineating the active-site cavity are of impor-
tance because they govern whether a non-natural substrate will
get access to the active site. This is particularly relevant if the
target substrate is bulkier than the natural one(s) or if enantio-
selective conversions are desired. Guided by crystal structures or
homology models, certain amino acids may be exchanged that
hinder substrate access to the active site or exit of product, thus
improving the functionality of the enzyme (Figure 1A)."> 16
Interestingly, rationally substituting only two amlno acids can
switch an esterase to a hydroxynitrile lyase."” Provided that
structural information on the target enzyme is available, rational
design may be the easiest and fastest and therefore most
straightforward approach of enzyme engineering. However, the
chance of success in obtaining the desired results is often still too
low and reflects our limited understanding of enzyme function,
partially due to the flexibility and dynamics of enzyme catalysis,
which cannot be described by the crystal structure.

3.2. Directed Evolution

In most cases, however, structural information on the protein of
interest is not sufficiently available to justify a rational design
approach. Then a method adopted from nature, enzyme evolution

Scheme 1. Biocatalytic Synthesis of Methyl (25,3R)-
2-(Benzamidomethyl)-3-hydroxybutyrate Using
Ketoreductases

ketoreductase variant OH O
from Lactobacﬂlus kefir
OMe
NHCOPh NHCOPh
+ +
1 NADPH NADP* + H 25, 3R)-2
w=r |
OTBDMS
-— H OAc
NH
O
4 3

by mutagenesis and selection/screening, is applied. Through one
of the random mutagenesis techniques and expression of the
resulting variants, a pool of novel enzymes are generated that
should be as diverse as possible but still screenable to substitute
any amino acid position, potentially influencing enzyme function
(Figure 1B). At the same time, concomitant substitution of several
amino acids carries the risk of rendering enzymes nonfunctional or
even folding-incompetent. Not surprisingly, intrinsic stability of an
enzyme to be evolved is beneficial for directed evolution ap-
proaches because amino acid substitutions will not destabilize the
protein easily."® Matsumura and colleagues pointed out that
protein engineers should consider the problem of evolvability
when choosing starting points for in vitro evolution in the
laboratory. Promiscuity and mutational robustness are the vari-
ables associated with enzyme evolvability. They recommend
exploiting the knowledge of “natural history” of a wild-type
enzyme to identify whether it can be evolved."” The pool of
enzyme variants created, the so-called mutant library, is screened
for the desired property. The expression clones showing the best
results are selected, and the respective expression construct is
sequenced to identify the beneficial mutation(s). Usually, these
first-generation mutants are the starting point of further rounds of
mutagenesis and screening because there tend to be multiple
possibilities of how enzyme performance in terms of stability and
processivity can be improved.* First-generation libraries may yield
an improved enzyme variant already fit for the conversion of the
target structure in organic synthesis. More often, they will identify
the mutational hot spot(s) for subsequent random or rational
approaches.

3.3. Combination of Directed Evolution and Rational Design

Even if structure-guided rational or directed evolution has
identified an amino acid that should be substituted to improve
enzyme performance, it might be uncertain whether the ideal
amino acid exchange has already been identified. Therefore, site-
saturation mutagenesis, replacing a certain amino acid by all
naturally occurring amino acids, may be performed to identify
the best solution by functional screening (Figure 1C).*" If several
mutational hot spots have been identified as interesting for enzyme
improvement, an iterative saturatlon mutagenesis (ISM) will
reduce the screening effort.”> Available structural information on
the active-site cavity of enzymes is used to improve substrate
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acceptance and/or enantioselectivity by combinatorial active-site
saturation testing (CASTing).23 Kazlauskas and co-workers sug-
gested that in many, but not all, cases mutations closer to the active
site more effectively influence the catalytic properties of enzymes
than distant ones.***

Independent of whether novel enzyme variants are generated
by random mutagenesis only or by involving a rational compo-
nent as well, the decisive factor for successful enzyme evolution is
a stable, functional enzyme assay applicable at high throughput
and reflecting the conditions under which the enzyme is intended
to be applied, i.e., using the actual target substrate.

4. EXAMPLES OF DESIGNED ENZYMES FOR APPLICA-
TIONS IN ORGANIC SYNTHESIS

Enzymes are frequently used catalysts, especially for the synth-
esis of chiral organic compounds. Among the asymmetric catalysts,
enzymes often give the most efficient and environmentally benign
tools to meet the goal.

4.1. Oxidoreductases E.C.1

4.1.1. Designed Enzymes for Reduction Reactions. Ke-
toreductases. In 2006, Weissman and colleagues reported that
five ketoreductase domains from the modular polyketide
synthases responsible for biosynthesis of erythromycin were able
to reduce a range of simple ketones which were structurally
different from polyketide substrates. The activity of two of these
reductases, KR1 and KR2, could be improved by directed
evolution for the reduction of decalone.”

B-Keto ester reductase mutant KER-L54Q_from Penicillium
citrinum was used to produce methyl (S)-4-bromo-3-hydroxy-
butyrate from methyl 4-bromo-3-oxobutyrate in a whole cell
system containing a cofactor-regeneration enzyme based on
glucose dehydrogenase (GDH). The enzyme variant L54Q
exhibited higher enantioselectivity and thermal stability than
the wild-type enzyme.””*® Researchers from Codexis optimized the
biocatalytic synthesis of methyl (2S,3R)-2-(benzamidomethyl)-
3-hydroxybutyrate (2), which is an important precursor for the
synthesis of carbapenem derivatives 4 via (3R/4R)-4-acetoxy-3-
[(R)-1'-((tert-butyldimethylsilyl)oxy)ethyl ]-2-azetidinon (AOSA;
3) (Scheme 1). The best mutants from (R)-specific Lactobacillus
kefir produced 2 with excellent selectivity (ee and de > 99%)
and high conversion rates in a substrate-coupled approach using
2-propanol for the regeneration of the reduced nicotinamide ade-
nine dinucleotide phosphate (NADPH) cofactor.”” Mutants of
L. kefir were also described for the synthesis of protein kinase
inhibitor (R)-1-[[4-[(4-fluoro-2-methyl-1H-indol-5-yl)oxy]-S-
methylpyrrolo[2,1-f][1,2,4]triazin-6-ylJoxy]propan-2-ol from
the corresponding ketone.*® Variants of Saccharomyces cerevisiae
ketoreductase were developed for the synthesis of syn-3,
S-dihydroxyhexanoate esters, which are precursors of statins
such as atorvastatin (Lipitor), rosuvastatin (Crestor), or
pitavastatin.®' Alternatively, the synthesis of atorvastatin via
enzyme-mediated reduction of ethyl 4-chloro-acetoacetate to
ethyl (S)-4-chloro-3-hydroxybutyrate with the aid of a designed
ketoreductase was described. > Using directed evolution, a ketor-
eductase with superior properties for the asymmetric reduction
of (E)-methyl 2-(3-(3-(2-(7-chloroquinolin-2-yl)vinyl)phenyl)-
3-oxopropyl)benzoate to the corresponding (S)-alcohol, a key
intermediate in the synthesis of montelukast sodium (Singulair),
was developed. The L. kefir ketoreductase variant (19 amino acid
exchanges from the parent) offers a very high enantioselectivity

Scheme 2. Bioreduction of Cyclic Enones Using YqjM
Muteins

o o) o
o, A - A
R “R R
5 (S)-6 (R)-6
R = Me, Et, i-Pr, n-butyl, CO,Me

R = Me, CO,Me

(>99.9% ee) and allows the process to be run at 100 g/L loading
in the presence of ~70% organic solvents at 45 °C.*>** Other
enzyme variants from L. kefir were successfully applied for the
synthesis of (R)-3-hydroxythiolane,®® a precursor of sulap-
enem, (S)-1-(2,6-dichloro-3-fluorophenyl)ethanol from the
corresponding acetophenone precursor,® and (4S)-3-[(5S)-
5-(4-fluorophenyl)-S-hydroxypentanoyl]-4-phenyl-1,3-oxazoli-
din-2-one,®” an intermediate in the process for making Ezeti-
mibe. The platform of successful applications of ketoreductase
variants based on L. kefir alcohol dehydrogenase (ADH) was
further expanded by the synthesis of (S)-N,N-dimethyl-3-hydro-
xy-3-thien-2-yl-1-propanamine®*** and (R)-2-methylpentanol
from (R)-2-methylpentanal.*

Carbonyl reductase from red yeast Sporobolomyces salmonicolor
AKU4429 (SSCR) and its designed enzymes effectively catalyzed
the enantioselective reduction of diaryl ketones to give the
corresponding chiral alcohols. Using variant Q245P, the enan-
tiopreference changed to S in the case of para-substituted
benzophenones as substrates.*' A stable alcohol dehydrogenase
from the hyperthermophilic archaeon Pyrococcus furiosus (AdhA)
was generated via error-prone polymerase chain reaction (PCR)
for the production of (2S,55)-hexanediol. The best variant had a
10-fold higher activity compared to the wild-type enzyme.**

The (R)-specific alcohol dehydrogenase from Lactobacillus
brevis (Lb-ADH) catalyzes the enantioselective reduction of
prochiral ketones to the corresponding secondary alcohols using
NADP(H) (NADP = nicotinamide adenine dinucleotide phos-
phate) as a cofactor, which is more expensive and labile than
NAD(H) (NAD = nicotinamide adenine dinucleotide; NADH =
reduced NAD). Lb-ADH variants were tested in reduction
reactions with acetophenone using NAD(H) or NADP(H) as
a cofactor. The mutein R38P showed a 4-fold increased activity
with acetophenone and NAD(H) relative to the wild-type.*

Phenylethanol dehydrogenase EbN1 from Azoarcus sp. was
improved by rational design for the reduction of 3-chloro-1-
thien-2-ylpropan-1-one to (1S)-3-chloro-1-thien-2-ylpropan-1-
ol, a precursor of Duloxetin.** Rhodococcus erythropolis reductase
variants were created for the synthesis of optically active (R)-
1-(3-chlorophenyl)-2-chloroethanol and (R)-4-chloro-3-hydro-
xybutyric acid ester.*> Carbonyl reductase from Candida para-
psilosis with anti-Prelog stereospecificity was engineered for an
inverted cofactor specificity. The S67D/H68D double exchange
inside the coenzyme-binding pocket resulted in a nearly 10-fold
increase of the k.,./Ky; value for NADH and a 20-fold decrease

4144 dx.doi.org/10.1021/cr100386u [Chem. Rev. 2011, 111, 4141-4164
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Scheme 3. Resolution of rac-4-Chlorophenylalanine with an N145A Variant of L-Phenylalanine Dehydrogenase

PheAD-N145A
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NH
cl 2
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=
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Scheme 4. Bayer—Villiger Monooxygenase-Catalyzed
Oxidation of a Ketone

j:)]\ CHMO Q
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Scheme 5. Bayer—Villiger Monooxygenase-Catalyzed
Oxidation of Cyclic Ketones

o PAMO variants
% R NADPH, H*, 02 % 6‘
rac-13

E up to >200
R = Ph, 4-Me-Ph, Me, Et, n-Pr, n-Bu, Allyl, i-Pr, Cy, Bn, CH,CH,CN

for NADPH.*® Bioreductions of 2-hydroxyacetophenone using
the S67D/H68D variant produced the corresponding (R)-alco-
hol with an ee of 97% instead of the (S)-alcohol in the case of the
wild-type enzyme.*” Another successful switching of the cofactor
preference of NADPH dependency to NADH was described for
dehydrogenase Gre2p variant NOE from S. cerevisiae.*®

A fungal xylose reductase from Neurospora crassa with partial-
ly reversed selectivity was engineered to prefer pD-xylose over
L-arabinose.*’

A new class of enzymes that catalyze the conversion of nitrile-
containing compounds to the corresponding amine (such as a
primary amine) were described recently. On the basis of the
discovery that QueF is a nitrile oxidoreductase, native QueF
enzymes can be evolved to obtain nitrile oxidoreductases with an
altered specificity for other nitrile substrates.>

Enoate Reductases. ISM has been applied to broaden the
substrate scope of old yellow enzyme homologue YqjM while
controlling the enantioselectivity in the bioreduction of a set of
substituted cyclopentenone and cyclohexenone derivatives. Sev-
eral mutations were identified which yielded improved stereo-
selectivity and activity compared with those of the wild-type.
Additionally, in most of the cases both product enantiomers with
high ee’s could be obtained using appropriate YqjM variants
(Scheme 2).°! Yeast enone reductases were evolved for the
synthesis of (S)-carvone and (R)-carvone and the reduction of
ethyl 2-cyano-3-phenylbut-2-enoate and 8a-methyl-3,4,8,8a-tet-
rahydronaphthalene-1,6(2H,7H)-dione.>

Scheme 6. CHMO-Catalyzed Oxidation of

4-Hydroxycyclohexanone
O
o H
o%@’:,,/\oH
WO ©
o
0 y HO (RI7
O
¢ (R)-16
&
on "”qu o P OH
%2
15 S
O
HO (17
(S)-16 ee 79%

Among the oxidoreductases, D-amino acid oxidases (DAAOs)
are of special interest not only as enantiospecific enzymes for
organic synthesis in the laboratory, but also for industrial
applications. The flavin adenine dinucleotide (FAD)-containing
enzymes have a broad substrate range and act on several p-amino
acids with neutral and basic side chains. Site-directed mutagen-
esis studies and determination of the enzyme crystal structures
from various sources have led to a better understanding of
structure—function relationships and paved the way for mod-
ulating the enzyme properties. Rational design and directed
evolution approaches led to DAAO variants with altered sub-
strate specificity or increased thermostability.>

The wild-type enzyme L-phenylalanine dehydrogenase from
Bacillus sphaericus and four active-site muteins were evaluated for
their potential applicability in the resolution of racemic non-
natural amino acids. The variant N145A was applied in a
preparative-scale resolution of rac-4-chlorophenylalanine (9)
with NAD ™ as a cofactor and diaphorase for cofactor regenera-
tion. The pure D-isomer was isolated from the reaction mixture
shown in Scheme 3.>*

Muteins of phenylalanine dehydrogenase (PheDH) from
B. sphaericus with improved activity and specificity toward propar-
gylglycine, an unsaturated non-natural amino acid of commercial
interest, have been obtained by directed evolution and screening
of 10000 colonies. By targeting two “hot spots” close to the
active site of the enzyme, an evolved enzyme was obtained with a
7.4-fold improved catalytic efficiency toward propargylglycine
and a 612-fold improvement of selectivity in comparison be-
tween the target substrate and 1-phenylalanine.”

Aspergillus fumigatus amadoriase II was engineered with the
aim to expand its substrate range. After two rounds of directed
evolution, a variant (SII-82) was obtained that showed an 8.78-
fold increase in the activity toward fructosyl polylysine.®

4145 dx.doi.org/10.1021/cr100386u [Chem. Rev. 2011, 111, 4141-4164
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Figure 2. Products of BV oxidation with the CHMO F432 variant.
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Scheme 7. Sulfoxidation of Thioethers with CHMO Variants
from Acinetobacter sp.

O
CHMO variants Sw,, WO

s~ (R)-28 (S)-28
27
variants ee (R) ee (S)
D384H 99%
F432S 99%
K229I1 / L248P 98%
Y132C / F2461 / V361A / T415A >99%
F16L/F277S 95%

4.1.2. Designed Enzymes for Oxidation Reactions.
Oxygenases are interesting enzymes in organic synthesis due to
their ability to introduce one or two oxygen atoms into organic
molecules, leading to enantio-, chemo-, or regioselective product
formation. However, practical applications are still limited, as
most oxygenases are membrane-associated, are often not stable,
and show rather low activity. Most oxygenases require reduction
equivalents such as NAD(P)H and also electron-transfer part-
ners such as flavin reductases. To overcome some of the
limitations mentioned, protein engineering may serve as a
powerful tool.>’

Monooxygenases. Baeyer—Villiger Monooxygenases.
Baeyer—Villiger (BV) oxidation of ketones to esters or
lactones is a synthetically important reaction which can be
performed chemically as well as enzymatically (Scheme 4).
The enzymes are flavin-dependent cyclohexanone (CHMO)
and cyclopentanone (CPMO) monooxygenases.

Laboratory evolution to induce allostery by introducing appro-
priate distal mutations was used to modify the thermostable
Baeyer—Villiger monooxygenase, phenylacetone monooxygenase
(PAMO) (Scheme S). A variant, Q93N/P94D, was discovered that
catalyzes the asymmetric oxidative kinetic resolution of a set of
structurally different 2-substituted cyclohexanone derivatives as well
as the desymmetrization of three different 4-substituted cyclohex-
anones, all with high enantioselectivity.>® Previously, a set of other
PAMO variants for the oxidative kinetic resolution of 2-aryl- and
2-alkylcyclohexanones and bicyclo[3.2.0]hept-2-en-6-one were
described.” PAMO M446G also shows improved properties
compared with the wild-type enzyme.5®"" Baeyer—Villiger

Scheme 8. 3-tert-Butylcatechol by Phenol Oxidation

OH

HbpA variant OH
—_—

29 30

Scheme 9. P450 BM-3 Variants Were Created with up to 40%
ee for Both Enantiomers

OH
NN /J\/\/\/

31 32

P450 BM-3 variant

monooxygenase BmoF1 from Pseudomonas fluorescens DSM
50106 was engineered for the oxidative kinetic resolution of
various 4-hydroxy-2-ketones.”>

The CHMO from Acinetobacter sp. NCIMB 9871 was evolved to
invert the selectivity in the oxidation of 4-hydroxycyclohexanone
(15) by using the directed evolution approach (Scheme 6).5

A list of the products synthesized by utilizing variant F432S is
given in Figure 2%

To improve the promiscuous activity of CHMO in Acinetobacter
sp. for enantioselective sulfoxidation of prochiral thioethers, a
directed evolution approach was undertaken, leading to variants
resulting in >95% ee for substrate 27 (Scheme 7).% In this study,
the undesired overoxidation to sulfone which accompanied the
main reaction could be eliminated. Mutagenesis of toluene o-
monooxygenase of Burkholderia cepacia G4 and the analogous
position 1100 in toluene 4-monooxygenase of Pseudomonas men-
docina KR1 improved both the rate and enantioselectivity in the
oxidation of methyl phengll sulfide and methyl p-tolyl sulfide to the
corresponding sulfoxide.*°

The Baeyer—Villiger monooxygenase from the thermophilic
bacterium Thermobifida fusca was evolved toward broader sub-
strate acceptance while preserving the high thermostability.®”
For a Baeyer—Villiger oxidation based resolution of racemic
2-phenylcyclohexanone, the phenylacetone monooxygenase was
evolved by a directed evolution approach. Reetz and co-workers
describe the use of “drastically” reduced amino acid alphabets at
homologgous enzyme positions to minimize the effective library
size.%*% CPMO variants with improved enantioselectivity are
reported as well.”’
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Scheme 10. Hydroxylation with P450 BM-3 Variants®*
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Monoamine oxidases (MAOs) are another class of flavin- The regioselective hydroxylation of highly branched fatty
dependent enzymes that catalyze the stereospecific oxidation acids by engineered cgfctochrome P450 BM-3 (CYP102Al1)
of amino acids and are therefore interesting catalysts for syn- variants was reported.”” P450 BM-3 was improved for the
thetic organic chemists. Besides amino acids, the enzymes also synthesis of 4-hydroxy-f3-ionone (40) by site-directed mutagen-
accept amines as substrates. As both (S)- and (R)-selective enzymes esis (Scheme 13). The variant R47L/YS1F/F87V shows a
are known, enantiopure products can be obtained by using a 300-fold increase in activity, while the enantioselectivity for the
suitably selective enzyme. (S)-Selective Aspergillus niger MAO (R)-enantiomer reached 39% optical purity.*® Cytochrome P450
N336S shows a 47-fold increase of activity as well as better BM-3 variants were also created for the improved synthesis
enantioselectivity”' next to a broad range of substrate acceptance’ of hydroxylated indoles® and demethylation of protected mono-
upon primary, secondary,”® and even tertiary’* amines. More saccharides.”®”' Other variants were described for the hydro-
recently, structural data explain the effect of mutations on the xylation of resveratrol to piceatannol with an up to 18-fold higher
enzyme structure.”> formation rate compared to the wild-type.”*

2-Hydroxybiphenyl 3-monooxygenase (HbpA) from Pseudomonas Schmid and co-workers comment in a review on the prepara-
azelaica HBP1 is another nonheme monooxygenase, which was tive use of isolated CYP102 monooxygenases.”> CYP102A1
engineered by directed evolution to broaden the substrate range to (BM-3) mutants were constructed which use polycyclic aromatic
2-substituted phenols (Scheme 8).”%” hydrocarbons as substrates.”*”* In a further study, the epoxida-

Galactose oxidase has been engineered using the directed tion of styrene was chosen as a model reaction for engineered
evolution approach for the enantioselective oxidation of secondary CYP102A1 variants with improved enantioselectivity for the
alcohols. A range of secondary alcohols containing aryl groups (R)-enantiomer. Variants for both enantiomeric styrene oxides
were found as preferred substrates. (R)-enantiomers were oxi- were obtained during this study. With CYP102A1 A74E/F87V/
dized to the corresponding ketone with up to 50% conversion, P386S an ee value of 58% for (S)-styrene oxide was reached.
and the remaining (S)-substrates show up to 99% ee.”® CYP102A1 variant F87G led to (R)-styrene oxide with 92% ee.

Cyctochrome P4S50s are Fe-heme-dependent enzymes which A CYP102A1 mutein library of 24 variants having two mutated
have been gaining interest as these enzyme find broad applica- positions close to the center of the heme group was investigated
tions as biocatalysts in organic synthesis.”” for the hydroxylation reactions of various substrates. Position 87

Protein engineering of a P450 enzyme from Bacillus megater- was shown to mediate substrate specificity and regioselectivity,
ium was subjected to directed evolution to enhance activity and and position 328 was predicted to interact with all substrates
regioselectivity toward simple substrates such as linear alkanes.®’ during the oxidation. The library was screened with four terpene
The starting point for this evolution study was variants which substrates, geranylacetone, nerylacetone, (4R)-limonene, and
were evolved to accept alkanes with C3—C8 chain length as the (+)-valencene. Eleven variants demonstrated either a strong
substrate (Scheme 9).5"%% P450 monooxygenase PikC was shift or improved regio- or stereoselectivity in the oxidation of at
modified for the hydroxylation of macrolides.™ least one substrate as compared to the CYP102A1 wild-type.”

Examples for transformations with different cyctochrome Styrene monooxygenase from Pseudomonas putida CA-3 was
P450 enzyme variants are given in Schemes 10—12. engineered to obtain more than 10-fold increased rates for the
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formation of indigo, styrene oxide, and indene oxide compared
with the wild-type enzyme.””

In a further study, CYP102A1 (P450 BM-3) was subjected to
random mutagenesis to improve the activity and expand the
substrate range. A variant based on five point mutations, A191T/
N239H/1259V/A276T /L3531, displayed about 4-fold higher
activity than the wild-type enzyme for the hydroxylation of
propylbenzene and almost the same selectivity.”® The quadruple
amino acid exchange in KTS, F87A/A330P/E377A/D425N,
yielded 19% desaturation of p-cymene and 78% hydroxylation
products, whereas the wild-type enzyme gave 84% desaturation
and 6% hydroxylation, respectively.”” Various muteins of
CYP102A1 showed improved properties for the oxidation of
substrates such as propylbenzene, butylbenzene, naphthalene,
and toluene.'® Muteins of cytochrome P450 monooxygenases
from B. megaterium (CYP102A1) were used for the oxidation
of (—)-0-pinene and (—)-3-pinene.'®" A P450 variant shows
drastically enhanced activities for propane oxidation and halo-
methane dehalogenase activities.'"> Application of a panel of
B. megaterium cytochrome P450 BM-3 variants covers the breadth
of reactivity of human P450's by producing 12 of 13 mam-
malian metabolites for two marketed drugs, verapamil and
astemizole.'*® Other examples for the biohydroxylation of diclo-
fenac and chloroxazone were described recently.'* Ryan and co-
workers have shown that P450 BM-3 R966D/W1064S can be
used in conjugation with a chemical analogue of NADPH,
namely, N-benzyl-1,4-dihydronicotinamide, which is a simple
compound. This finding could simglify the application of P450
enzymes in preparative synthesis.lo

Muteins of the heme monooxygenase cytochrome P450,,
from P. putida in which Y96 has been replaced with hydrophobic
residues have been shown to oxidize naphthalene with an oxida-
tion rate 140-fold improved over that of the wild-type (Scheme 14).'%

Scheme 15. Synthesis of Verbenol (45) and Isopiperitenol
(47)

a4 45
P4505m YOBF / V2471
= ‘v,
A% ‘OH
46 47

While the wild-type P450,,, gives product mixtures by oxida-
tion of monoterpenes (4 )--pinene (44) and (S)-limonene (46),
which are used for fragrances and flavoring, variant YO6F/V247L
shows higher activity for the oxidation of both substrates next to
high regio- and stereoselectivity (Scheme 15).""”

Oxidation of the sesquiterpene (+)-valencene by the wild-
type and variants of P450,,,,, from P. putida, and P450 BM-3 from
B. megaterium, have been investigated as a potential route toward
the fragrance (+)-nootkatone. Wild-type P450,,, did not oxi-
dize (+)-valencene, but the recombinant expression system
harboring variants showed activities with (+)-trans-nootkatol
and (+)-nootkatone constituting >85% of the products. Wild-
type P450 BM-3 and variants thereof had higher activities than
P450,m but were much less selective.'®®

CYP107Z enzyme variants with highly improved regiospeci-
ficity were obtained by a combination of random mutagenesis,
protein-structure-guided site-directed mutagenesis, and recom-
bination of multiple natural and synthetic CYP107Z gene frag-
ments. These variants were employed for a more economical
industrial biocatalytic process to produce semisynthetic insecti-
cide emamectin (Scheme 16). The biocatalytic step in the
emamectin manufacturing is the oxidation of 4”'-hydroxyaver-
mectin to 4”’-oxoavermectin.'*”'

Actinomycete cytochrome P450 from Nonomuraea recticatena
NBRC 14525 (P450 moxA) catalyzes the hydroxylation of a
broad range of substrates, including fatty acids, steroids, and
various aromatic compounds. Five amino acid exchanges were
identified to have the strongest effect, namely, Q87W/T115A/
H132L/R191W/G294D, leading to 20-fold higher activity than
that of the wild-type P450.'"!

Horseradish peroxidase variants for the oxidation of tyrosinol
and derivatives thereof were developed using a highly efficient
selection method for enhanced enzyme enantioselectivity based
on yeast surface display and fluorescence-activated cell sorting
(FACS). Up to 2 orders of magnitude improved selectivity
toward either substrate enantiomer in the case of tyrosinols
attached to Alexa Fluor 488 dye, respectively Alexa Fluor 647
dye, was observed. However, in the case of free tyrosinol the
selectivity improvement was much lower.'"?

Asparagine oxygenase (AsnO) from Streptomyces coelicolor is an
Fe’*- and a-ketoglutarate-dependent enzyme that hydroxylates as-
paragines to L-threo-hydroxyasparagine (Scheme 17). Variant D241N,
in contrast to the wild-type enzyme, efficiently converts L-aspartic acid
into medicinally interesting 1-threo-hydroxyaspartic acid.""''*

Epothilone B hydroxylase (EBH) from Amycolatopsis orientalis
was improved by mutagenesis to increase the yield of

Scheme 16. Avermectin Oxidation by CYP107Z

OMe
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epothilone F through oxidative biotransformation. The yield of
epothilone F was increased from 21% to more than 80% utilizing
the best EBH mutants."'®

Streptomyces clavuligerus deacetoxycephalosporin C synthase
(ScDAOCS) is an important industrial enzyme for the produc-
tion of 7-aminodeacetoxycephalosporanic acid, which is a pre-
cursor for cephalosporin syntheses. Muteins thereof show
improved rates for the conversion of ampicillin, penicillin G,
phenethicillin, and carbenicillin to the corresponding cephalo-
sporin derivatives."'®

Laccases from Pleurotus ostreatus were mutated using molecular
evolution techniques. The improved variant 3M7C presents,
besides L112F, only one substitution (P494T) responsible both
for the significantly increased stability and for the higher activity

Scheme 17. Hydroxylation of Aspartic Acid Catalyzed by the
AsnO Variant

OH
COOH
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NH, A,
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Scheme 18. Oxidation of Dinitrotoluene by Dioxygenase
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of this mutant in 2,2'-azino-bis(3-ethylbenzothiazoline-6-sulfonic
acid) (ABTS) oxidations.""”

Dioxygenases are a heterogeneous group of non-heme-iron-
containing NAD (P)H-dependent enzymes involved in biosynth-
esis of secondary metabolites such as flavonoids and alkaloids.
They are also key enzymes in the natural degradation of aromatic
compounds.®” Site-directed mutagenesis has been employed to
expand the substrate range and activity of 2,4-dinitrotoluene
dioxygenase (DDO) from B. cepacia R34.''® Muteins of naphtha-
lene dioxygenase from Ralstonia sp. strain U2 were able to build
3-amino-4-methyl-S-nitrocatechol and 2-amino-4,6-dinitroben-
zyl alcohol (Scheme 18)."°

4.2. Transferases E.C.2

A glycosyltransferase capable of catalyzing O-, S-, and N-glyco-
sylation was first reported by Thorson et al. Glycosyltransferase
OleD from Streptomyces antibioticus with three amino acid
exchanges was an efficient catalyst for glycosylation of 3-lactam,
polyenes, phenols, and the N- and S-analogues, steroids, macro-
lides, and anthraquinones.'*

Aminotransferases are important enzymes for industrial appli-
cations and have been used for the production of amino acids."*"
Therefore, it is not surprising that they are frequently found
among the designed enzymes. Aminotransferases are divided
into two classes, namely, O- and -transaminases. While
Q-transaminases catalyze the reaction between an amino acid
and an Q-keto acid and require the presence of a carboxylic acid
moiety in the O-position to the keto and amino groups, w-
transaminases transfer amino groups that are separated from the
carbonyl group by at least one methylene group (Scheme 19).
As chiral amines are important compounds for diverse applica-
tions such as pharmaceuticals, the w-transaminases are highly
desired enzymes and are extensively studied.'*”

Enzymes are known which accept simple amines instead
of amino acids as amine donors in the transformation. An
aminotransferase could be improved regarding the enantioselec-
tivity in the transformation of -tetralone into the corresponding
(S)-amine 67 (Scheme 20).'*

Researchers from Codexis and Merck engineered the w-amino-
transferase AT-117 for the synthesis of sitagliptin (Scheme 21).
After an 11-round mutation strategy inserting 27 mutations, the
final catalyst was 27000-fold improved as compared with the wild-
type enzyme.'** To obtain high conversions, the equilibrium-
controlled reaction has to be shifted, by applying a large excess of
amine donor and/or by removal of the volatile acetone built during
the reaction.

Furthermore, the new w-transaminase is also significantly more
active in the synthesis of (R)-(+)-1-(2-naphthyl)ethylamine,
(R)-2-(2-fluorophenyl)pyrrolidine, and several other important

Scheme 19. Principle of Reactions Catalyzed by Aminotransferases

0 NH,
R1J\COOH * R27>COOH

60 61
acceptor L-amino acid donor

JOJ\ NH,
R >cooH * R2”>COOH
60 64
acceptor D-amino acid donor

NH, o
R""™ScooH * RZJ\COOH
62 63

L-amino acid

NH, o}
R"">ScooH * RZJ\COOH
65 63
D-amino acid

4149 dx.doi.org/10.1021/cr100386u [Chem. Rev. 2011, 111, 4141-4164



Chemical Reviews

chiral amines from its ketone precursors in the presence of cheap
isopropylamine. (S)-Selective @-transaminase from Arthrobacter
citreus (variant CNB0S-01) shows increased enantioselectivity for
reactions with (4-fluorophenyl)acetone when possessing a Y331C
exchange. A single point mutation yielding variant V328A turns
the (S)-selective enzyme into an (R)-selective one.'”> New
muteins of (S)-selective @-transaminase from Vibrio fluvialis
JS17'2% and (R)-selective Arthrobacter sp. KNK168'> were de-
scribed recently.

Kim and colleagues improved the w-aminotransferase from
V. fluvialis JS17 for the synthesis of aliphatic amines (Scheme 22)."**

The aspartate aminotransferase was evolved to increased
enzyme specificity toward amino acids and ketoacids with chain
branching in the B-position.'*

(Iso)eugenol 4-O-methyltransferase (IEMT) from Clarkia
breweri was genetically modified, and a number of muteins were
found which catalyzed the methylation reaction much faster than
the wild-type using S-adenosyl-L-methionine (SAM) as a cofactor.'*°

4.3. Hydrolases E.C.3

4.3.1. Designed Enzymes for C—O Bond Formation and
Cleavage. Lipases. The application of directed evolution to
enhance the enantioselectivity was for the first time carried out at
the Max-Planck-Institute in Mulheim on Pseudomonas aeriginosa
lipase (PAL).”%"*" Lipases are the most frequently used enzymes
in organic synthesis, performing both the cleavage and the
formation of esters. The enantioselectivity of PAL was addressed
for the reaction shown in Scheme 23 as a model system.

(R)- and (S)-substrates were studied separately (pairwise) to
evaluate the enantioselectivity. After four rounds of low mutation

Scheme 20. Conversion of 2-Tetralone to
(S)-2-Aminotetraline by Designed (S)-Transaminase

0 NH,
(:E:/[/ (S)-Transaminase variant @(j’

rate error-prone polymerase chain reaction (epPCR), the selec-
tivity factor E was increased from 1.1 to 11.3. A further (fifth)
cycle led to only slight improvement of the E value. The strategy
was changed. It was supposed that the monitored sites of amino
acid exchange produced by epPCR should be hot spots which are
important for the enhancement of enantioselectivity, but the
amino acid found by sequencing the variants must not inevitably
be the best one. Therefore, several hot spots were exposed to
saturation mutagenesis trials.">* Further variants with enhanced
enantioselectivity were obtained by DNA shuffling. For the
model reaction also the combined strategy of rational design
and random mutagenesis was applied successfully.'** Finally, a
variant with six amino acid exchanges, D20N/SS$3P/S155M/
L162G/T1801/T234S, was observed which not only showed an
increased selectivity of E = 51 but also displayed higher activity.
All exchanges except L162G occurred at positions remote from
the active-site center S82. It is interesting that the amino acid
exchanges remote from the active site influence the enantios-
electivity. Molecular mechanics/quantum mechanics (MM/
QM) studies followed to rationalize the ﬁndings.Bz'134 As a
result of theoretical studies, the double mutant SS3P/L162G was
prepared which exhibited E = 64. This finding shows that four
out of six mutations in the above-mentioned variant were not
necessary for the increased enantioselectivity. PAL was also
subjected to studies to broaden the substrate acceptance range.
Using ISM, Reetz et al. generated the improved mutein 1B2,
MI16A/L17F/L162N, of lipase A from P. aeruginosa.”* 1B2 showed
highly improved conversion rates and selectivity for (S)-
2-methyldecanoic acid p-nitrophenyl ester and substrates 82,
83, and 85 compared with the wild-type enzyme. In the case of
2-methyldecanoic acid p-nitrophenyl ester, the enantioselectivity
reached more than 500. By employing the CASTing approach,'*®
PAL variants for substrates shown in Figure 3 were created. The
substrates differ from fatty acid mimicking substrates and are
sterically more demanding; some are even nonchiral (compounds
81, 87, and 88).

The lipase from P. fluorescens has been engineered for the

66 NH, o} (567 improved hydrolysis of carboxylic acid esters by performing the
P P combinatorial active-site saturation test (CAST).'** CASTing
68 69 resulted in a library of enzymes exhibiting a broad substrate range.
Scheme 21. Synthesis of Sitagliptin
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Scheme 22. 2-Aminoalkane Derived from a 2-Ketone Precursor
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Scheme 23. Kinetic Resolution of Esters by Lipase Variants
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Figure 3. Substrates for klnetlc resolution by PAL variants with
increased enantioselectivity.”’

Scheme 24. Lipase-Catalyzed Hydrolysis of meso-1,4-Diace-

toxycyclopent-2-ene
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Lipase A from Bacillus subtilis (BSLA) was a further candidate
subjected to two directed evolution studies (Scheme 24).'3"'3%

While the wild-type enzyme exhibited an ee of 38%, the
best variant showed ee values up to 83% with reversed enantios-
electivity compared to the wild-type enzyme. The D133G/
M134L/I135N variant of the same enzyme was developed for
the synthesis of (S)-(+)-1,2-O-isopropylidene-sn-glycerol. Com-
pared with the wild-type enzyme, the variant showed inverted
and improved enantioselectivity.'**'*°

Lipase of B. cepacia KWI-56 was investigated in enantioselec-
tivity inversion studies for the hydrolysis of racemic ethyl
3-phenylbutanoate (91) (Scheme 25).'*!

In another example, B. cepacia lipase mutein L17S/L2871 has
proven to be a very useful biocatalyst for the resolution of racemic
2-chloro-ethyl-2-bromophenylacetate with an E value of 178
compared to 13 of the wild-type."** Lip2p, a lipase from Yarrowia
lipolytica, demonstrates a low (S)-enantioselectivity (E = S)
during the hydrolytic, kinetic resolution of 2-bromophenylacetic
acid octyl ester, which is an important intermediate in the
pharmaceutical industry. Using a rational engineering approach,
the (R)-selective variant D97A/V232F exhibiting an E value
>200 was discovered.'*?

When an isoleucine residue in the active site was replaced by
alanine or phenylalanine, the enantioselectivity for the acylation
of 2-phenylethanol decreased or increased, resfectively, depend-
ing on the steric hindrance in the active site."**

Lutz and co-workers significantly improved the catalytic
activity of Candida antarctica lipase B (CALB) by “circular
permutation” of the protein structure.'*> A library of CALB
variants was constructed linking N- and C-termini of the enzyme.
Instead, the protein backbone was genetically cleaved at different
regions. Functional permutations were found to be concentrated
in three regions of the protein but not tolerated in the catalytic
site region. Permutation in helix 017 led to 10-fold higher activity
than that of the wild-type enzyme due to increased access to the
active site. The redesign of CALB has also been attempted using a
rational design approach to obtain an increased acceptance of
larger secondary alcohols."*® The exchange W104A led to an

Scheme 28§. Kinetic Resolution of rac-3-Phenylbutanoate
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increase in selectivity of CALB for the acylation of S-nonanol
over 2-propanol of about 4 x 10°. The variant W104A exhibited
(S)-selectivity for the acylation of secondary alcohols and is,
therefore, enantiocomplementary to the wild-type for the acyla-
tion of 1-phenylethanol. The rational redesign of CALB was
performed to turn this hydrolase into a lyase for the catalysis of
the Michael reaction."*’” The S105A variant catalyzed the addi-
tion of several thiols to methyl acrylate.'**

In a method based on genetic selection developed by Reetz
and co-workers, a mutein library of CALB expressed in Pichia
pastories was  frown on a mixture of isopropylidene glycerol
(IPG) ester,'"” wherein the “pseudoenantiomers” were the
acetate ester of (S)-IPG and the fluoroacetate ester of (R)-IPG
(Scheme 26). Wild-type CALB displayed an E value of 1.9 in
favor of (R)-enantiomer hydrolysis. Applying this technique,
8 (S)-selective CALB variants with E values of up to 8 were
obtained from only 10 picked colonies, compared to 25 of
192 colonies shown to display similar 1mprovements using a
standard mutagenesis and screening method."*

CALB variant cp283 was engineered by circular permutation
for an improved hydrolysis of C4—C8 carboxylic esters. Up to
175 times faster hydrolysis of those esters and a 2.6- to 9-fold
enhanced trans-esterification and interesterification of triglycer-
ides was observed.'”' CALB variants with slightly increased
selectivity for the resolution of 2-ethyl-1-hexanol and improved
activity for the hydroly51s of p-nitrophenyl 2-methylbutyrate
were described recently."*>

An F149Y/1150N/F233G variant of C. antarctica lipase A (CalA)
was developed for the hydrolysis of O-substituted p-nitrophenyl
esters by directed evolution. The E values of this variant for seven
different esters were up to >200, which is much higher than for
the wild-type. Kinetic resolution of some alkyl 2-phenylpropio-
nates could be performed with very high E values, thus leading to
products with an enantiomeric excess between 95% and 99%. A
30-fold increase in activity was also observed for most substrates.
In contrast to most examples usmg the wild-type, the enzyme
variant shows (R)-selectivity.">> Previously, a CAST-based
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Scheme 27. Kinetic Resolution of 3-Octyl Acetate 98
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Scheme 28. BS2 Variant with Inverted Enantioselectivity
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engineering approach led to improved CalA variants with E
values of 52 (S) and 27 (R) for the hydrolysis of 4-nitrophenyl
2-methylheptanoate.">*

LST-03 lipase from organic solvent-tolerant P. aeruginosa
LST-03 has basically high stability and activity in the presence
of various organic solvents. Using directed evolution, the stability
of the lipase was further increased. Muteins R6S (S164K/
T188F/S211R), R88 (S15SL/G157R/G177V/S194R/S202W/
D209N), R96 (S155L), and R162 (L14SH) show a 2—11 times
longer half-life time at pH 8.0 and 30 °C in the presence of25vol %
DMSO, cyclohexane, n-octane, or n-decane. 5s

Esterases. In 1996, F. H. Arnold reported the evolution of a
p-nitrobenzyl esterase for increased stability in aqueous—organic
solvents.'*® The p-nitrobenzyl residue is frequently used for
protection of the acid functionality as an ester in [-lactam
antibiotics. The wild-type enzyme has low activity in the presence
of the solvent dimethylformamide (DMF), which must be added
to solubilize the substrate. A combination of epPCR and DNA
shuffling led to the generation of a variant with 150-fold higher
activity in 15% DMF compared to the wild-type enzyme. Later,
also the thermostability of the enzyme was increased by nearly
14 °C.

P. fluorescens esterase (PFE) variants with slightly increased
enantioselectivity as compared to the wild-type enzyme were
investigated by Bornscheuer et al. for the kinetic resolution of
racemic esters with varying results.">’~">* Later, the selectivity of
the kinetic resolution of various 3-phenyl butyrates was improved
with muteins M1 (V121I/F198G/V225A) and M2 (V1211/
F198C) of an esterase from P. fluorescens."®’

The hyperthermophilic esterase from Aeropyrum pernix
K1 (APE 1547) was used for the hydrolytic, kinetic resolution
with 2.6-fold increased enantioselectivity after a single epPCR
cycle with five amino acid exchanges in spatial distance to the
active site (Scheme 27).'%!

Among the chiral molecules which are interesting starting
materials for the synthesis of natural products and pharmaceu-
ticals are enantiopure tertiary alcohols. In a systematic search,
Bornscheuer et al. found hydrolases for the kinetic resolution of
tertiary alcohols."®> During a comprehensive study of sequence —
structure—function relationships of 92 microbial serine hydrolases,
the motif GGG(A)X was identified as a consensus sequence of

Scheme 29. Enantioconvergent Kinetic Resolution of an
Epoxide with Two Enantiocomplementary Hydrolases'”"
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Scheme 30. Improved Enantioselectivity of Epoxide
Hydrolase from A. niger
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hydrolases applicable in the kinetic resolution of tertiary alcohols.
Protein design led to an improved esterase BS2 mutant from B.
subtilis toward tertiary alcohols. The mutant showed high
selectivity for both enantiomers,'®® but the substrate range was
rather limited.'®* A focused directed evolution approach was
performed to develop a variant which displayed inverted en-
antioselectivity toward tertiary alcohols (Scheme 28).'%°

Mutant EstA-AGA from Paenibacillus barcinonensis showed
improved selectivity in the kinetic resolution of 1,1,1-trifluoro-2-
phenylbut-3-yn-2-yl acetate and its 4'-fluorophenyl as well as 4'-
chlorophenyl derivatives. E values larger than 100 were
reported.'®® Variant E188W/M193C of esterase BS2 shows an
altered selectivity in the hydrolysis reaction of various (Z)-
glutamate diesters. The variant has a clear preference for the
regioselective hydrolysis at the ot-position of glutamate diesters,
while the wild-type BS2 preferably cleaves the y-ester.'®”

The hydrolysis rate of 7-aminocephalosporanic acid to the
3-desacetyl derivative (HACA) was improved by a factor of 4
when B. subtilis MTCC 121 esterase was mutated to variants
R231G, Y222H/D43G, and M138V.'%

Directed evolution was performed to improve the properties
of enzyme LovD toward the semisynthesis of simvastatin from
monacolin J acid (MJA) and a synthetic o-dimethylbutyryl
thioester. Muteins with improved catalytic efliciency, solubility,
and thermal stability were obtained, with the best variant
displaying an 11-fold increase of performance.'®

Epoxide Hydrolases. Valuable intermediates in asymmetric
synthesis are chiral epoxides and enantiopure vicinal diols. These
compounds have been used for the production of high-price
products such as anticancer agents.'”® Epoxide hydrolases (EHs)
are the enzymes of choice to get access to enantiopure epoxides
by kinetic resolution of racemic epoxides and vicinal diols by
stereoselective hydrolysis. Epoxide hydrolases with complemen-
tary enantioselectivity and regioselectivity lead to the formation
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Scheme 31. Kinetic Resolution of trans-Epoxide with EH
Variants from A. niger
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of enantiopure vicinal diols from racemic epoxides in high yield.
The principle of enantioconvergent hydrolysis is shown in
Scheme 29.

For purposes where the wild-type enzymes do not show the
desired ?roperties, molecular engineering approaches have been
applied.'”* Epoxide hydrolase from A. niger (ANEH) has been
developed for improved enantioselectivity in epoxide hydrolysis
of glycidyl phenyl ether toward the (S)-enantiomer, with the best
variant having three amino acid exchanges, A217V/K332E/
A390E (Scheme 30).!72717%

This enzyme has been used as a model for the study of relative
efficacy when apglying different methods of saturation mutagen-
esis techniques.'”® Via introduction of nine mutations (LW202)
into ANEH, the selectivity in the kinetic resolution of rac-104
could be increased to an E value of 115 (Scheme 31). Further
examples with various aryl derivatives of rac-104, styrene ep-
oxide, and some aliphatic epoxides highlight the superior proper-
ties of the engineered enzyme.

In another approach, an esterase from P. fluorescens (PFE) was
converted into an epoxide hydrolase. The best variant showed
high enantioselectivit;r (E > 100) for the (R)-enantiomer of
p-nitrostyrene oxide.'”®

The epoxide hydrolase of a marine fish, Mugil cephalus, was
engineered to improve the selectivity in a kinetic resolution of
styrene epoxide. Mutein F193Y/W200L/E378D increased the
initial hydrolysis rate significantly, and the reaction time to reach
98% ee of (S)-styrene epoxide was 26-fold reduced.'”” Improved
variants of epoxide hydrolase from Agrobacterium radiobacter
ADI (EchA) were discovered from a site-saturation mutagenesis
library at position 108. Mutein F108C converted cis-2,3-

epoxybutane to (2R,3R)-2,3-butanediol of >99% ee with a 7-fold
improved activity, and mutein F108A hydrolyzed cyclohexene
oxide to (1R,2R)-1,2-cyclohexanediol of >99% ee with a more
than 150-fold higher activity than wild-type enzyme.'*

Halohydrin dehalogenase (HHDH) from A. radiobacter is able
to open epoxides by addition of nucleophiles such as cyanide.
The mutein W249F was used in the sequential kinetic resolution
process for the production of 4-cyano-3-hydroxybutanoate
methyl ester (Scheme 32)."®! This variant also catalyzed the ring
opening of different aryl epoxides by nitrite with excellent
enantioselectivities."®> Further applications of HHDH mutants
from A. radiobacter for the conversion of epoxides were described
recently.'®?

Rational protein engineering was applied to overcome the
narrow substrate range of the thermophilic 3-glycosidase from
Sulfolobus sol]’ataricus.184 Two amino acid exchanges, E342C/
W433C, resulted in a variant with reduced specificity for glucose,
galactose and fucose, and increased activity toward formation of
f-alkylmannosides and f3-alkylxylosides.

A huge number of hydrolases belong to the group of sugar-
converting enzymes. Shaikh and Withers summarized the work
on desi§ned enzymes for carbohydrate conversions in a 2008
review.'® The mechanism-based design, engineering, and evolu-
tion of “glycosynthases” was reviewed in that paper. Glycosynthase
is a nucleophile mutant of a glycosidase and, therefore, is able to
perform transglycosylation without hydrolyzing the product.'*®
The approach was used to expand the repertoire of glycosidic
linkages formed, as well as the range of donors and acceptors
recognized by the enzymes. The mechanism of the action of
glycosidases with net retention of configuration was known.'®”'%*
On the basis of this knowledge, variants were generated by the
exchange of the catalytic nucleophile to a non-nucleophilic
residue to suppress the hydrolytic activity. For retaining trans-
glycosylation activity but simultaneously suppressing hydrolysis,
glycosyl fluorides with opposite anomeric configuration compare
to that of the natural substrate were used for testing the mutant
enzymes.'® B-Glucosidase —galactosidase E358A variant from
Agrobacterium sp. (Abg) was used for test studies (Scheme 33).

With the Abg variant E358S, a 24-fold improvement of activity
was achieved and glycosides could be synthesized which were
otherwise not accessible.'”® The Abg variant A19T/Q248R/
E358G/M407V shows 1300-fold improvement compared to
E358A glycosynthase.'”" While the Abg glycosynthase forms
p-(1,4) linkages, a glycosynthase from Thermus thermophilus
yielded up to 90% products with 3-(1,3) glycosidic linkage.'”
Glycosynthase variants obtained from Thermotoga maritima
were able to catalyze the regioselective synthesis of aryl
f-p-Galp-(1—3)--0-Glcp and aryl S-p-Glep-(1—3)--p-Glcp
in high yields (up to 90%) using aryl f-p-glucosides as
acceptors.'” By rational design and site-directed mutagenesis
of the endohexosaminidase EndoA from Arthrobacter protofor-
miae, variant E173Q was created. The catalytic rate of the mutein
in the synthesis reaction leading to oligosaccharide was reduced
because of the elimination of hydrolytic activity (Q cannot act as
a catalytic acid—base), leading to a more productive catalyst in
the synthesis direction, acting as a glycosynthase."”* A glyco-
synthase derived from the f3-glucuronidase from T. maritima was
able to catalyze the synthesis of 3-linked glucuronic and galac-
turonic acid conjugates.'” Later, the glycosynthase variant
ES04G from Escherichia coli was created, which catalyzed the
formation of 3-glucuronides from a.-p-glucuronyl fluoride donor
and alcohol acceptors such as steroids, benzyl alcohol derivatives,
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Scheme 33. Yields of Oligosaccharides Obtained with 0.-Galactosyl Fluoride and Various Acceptors Catalyzed by Abg Variant
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and alicyclic alcohols (yields 37—93%).'*® Xylooligosaccharides
were synthesized using an engineered retaining xylanase from
C. fimi."”” Another engineered glucosynthase derived from a
p-mannosidase from C. fimi was able to catalyze the formation of
a f-pD-mannopyranoside linkage, which is among the most
difficult glycosidic bonds to synthesize chemically.'”®

The retaining glycosidase celSA from Clostridium cellulolyti-
cum was engineered to a glycosynthase variant by exchange of the
catalytic nucleophile amino acid. Variant E307G efhiciently
catalyzed the glucosidic bond formation. While the wild-type
enzyme displays (1—4)-glycosidase regiospeciﬁci?f, the mutant
shows (1—3) specificity for Glu—Glu ligation."”” A mutagen-
esis approach was applied to the [3-galactosidase BgaB from
Geobacillus stearothermophilus KVE39 to improve its enzymatic
transglycosylation of lactose into oligosaccharides.”® 1GSA
amylosucrase from Neisseria golysaccharea was engineered for
the synthesis of disaccharides.*"

Besides all glycosynthases engineered from retaining 3-gluco-
side hydrolases, one designed enzyme was derived from an
inverting glucosidase from Bacillus halodurans.*®

Polysaccharides are not the only compounds that can be
synthesized by the use of glycosynthase methodology. Gluco-
sphingolipids were synthesized using variants of endoglucocerami-
dase from Rhodococcus sp., and flavonoid glucosides were
synthesized using the E197S variant of Humicola unsolens Cel7B.***
For directed evolution of glycosynthases, new screening methods had
to be developed to fulfill the demands of high-throughput analysis.

4.3.2. Designed Enzymes for C—N Bond Formation and
Cleavage. Hydantoinase. The “hydantoinase process” is cur-
rently an established method for the synthesis of chiral a-amino
acids with D or L configuration. Applying these enzymes, dynamic
kinetic resolution with 100% conversion and complete enantio-
selectivity is theoretically possible. Hydantoin substrates are easy
to racemize either chemically or enzymatically. Directed evolu-
tion has been applied in cases of poor asymmetric induction or if
the inverted enantioselectivity was needed as for the production
of L-methionine with hydantoinase from Arthrobacter sp.
DSM9771 (Scheme 34).2%°

p-Hydantoinase of Bacillus stearothermophilus was engineered
for the hydrolysis of (hydroxyphenyl)hydantoin (HPH). As a
result, variant M63I/F159S exhibited about 200-fold higher

Scheme 34. Hydantoinase Process for the Synthesis of
L-Methionine (115)
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specificity for HPH than the wild-type enzyme.**® Carbamoy-

lase from Ag. radiobacter NRRL B11291 cloned in an E. coli strain
was intensively mutated to improve the thermal stability of the
enzyme by three rounds of DNA shuffling. Variant CBL303, with
three important amino acid exchanges, including V40A, G7SS,
and V237A, was found with a 20-fold higher tolerance to heat and
hydrogen peroxide.**”

Brevibacillus agri dihydropyrimidinase (BaDHP) exhibits a
substrate preference for b-homophenylalanylhydantoin (p-HPAH).
Site-directed mutagenesis of BADHP was performed, and several
variants with increased activity (54—469%) toward 1-HPAH
were found. The L159V variant was used to convert HPAH to
L-homophenylalanine (1-HPA) in the hydantoinase process. As
compared with that of the wild-type enzyme, the conversion yield
of L-HPA was increased from 39% to 61% by the L159V
variant.*%®

Nitrilases catalyze the hydrolysis of the nitrile functionality to
the carboxylic acid, which is a valuable synthetic transformation.
Very often, naturally occurring nitrilases show limited activity, a
narrow substrate range, and low to moderate enantioselectivity.
The first nitrilase evolved regarding enantioselectivity was cre-
ated for the desymmetrization of the prochiral 3-hydroxyglutar-
dinitrile (116) to (R)-4-cyano-3-hydroxybutyric acid (117)
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(Scheme 35), which is the chiral intermediate of the cholesterol-
lowering drug Lipitor.”*

Nitrilase NIT2 from Arabidopsis thaliana was improved for the
direct hydrolysis of nitriles to the corresponding carboxylic acids.
Variant 7/I2B, 123V/K103I/G109R/1220M/C230S/F238L,
showed a 105-fold enhanced activity in the hydrolysis of
phenylacetonitrile.**® A nitrilase derived from Acidovorax facilis
72W was engineered to increase the enzyme-specific activity up
to 15-fold and the biocatalyst-specific activity up to 125-fold.
This improved variant (F168V/L201N) reached the desired
volumetric productivity and biocatalyst productivity for the
conversion of glycolonitrile to ammonium glycolate.”"

Acylase. Microbial [-lactam acylases are of great biotechno-
logical interest since they are applicable in the industrial produc-
tion of semisynthetic antibiotics. These enzymes catalyze the
hydrolysis of the amide bond between the -lactam nucleus and
the side-chain carboxylic acid in penicillins and cephalosporins,
leaving the cyclic f-lactam amide bond intact. The discovery and
use of these enzymes has enabled a green alternative for the
production of 6-aminopenicillanic acid (6-APA), 7-aminocepha-
losporanic acid (7-ACA; 119), and 7-aminodeacetoxycephalos-
poranic acid (7-ADCA) on a large scale. Variants obtained by
site-directed mutagenesis show new specificities in the hydrolysis
or synthesis of B-lactam antibiotics.”'**"* Glutaryl-7-aminoce-
phalosporanic acid acylase was evolved to accept the natural
antibiotic cephalosporin C (CephC; 118) as a substrate.>'* !¢
Variant E423Y/E442Q/D44SN of y-glutamyltranspeptidase
from B. subtilis was found to be more than 900 times faster in
the hydrolysis reaction of 7-(glutarylamino ) cephalosporanic acid
(120) to 7-ACA (119) (Scheme 36).'” A similar enzyme of
E. coli K-12 was 50-fold improved by substituting three amino
acids, D433N, Y444A, and G484A.>'%*"?

The T206G/S213G variant of penicillin amidase from Alca-
ligenes faecalis shows a doubled turnover number for the hydro-
lysis of penicillin G compared with the wild-type enzyme and a
3-fold improved specificity constant.”*

The 3G3K variant of the penicillin G acylase (PGA) from
E. coli obtained by site-directed mutagenesis is characterized by a
tag consisting of three lysines alternating with three glycines

Scheme 35. Enzymatic Synthesis of 4-Cyano-3-hydroxybu-
tanoic Acid (117)

OH OH

NC\)\/CN nitrilase variant NC\/'\/COOH

116 (R)117

at the end of the [5-chain. The variant shows an improved
synthesis/hydrolysis ratio in reactions of (R)-mandelic acid methyl
ester and cephalosporins.”*" Other muteins of E. coli PGA were
developed for an improved production of ampicillin. The synthetic
rate over the hydrolytic rate was increased 5— 15-fold.*** Kluyvera
citrophila penicillin G acylase enzymes were generated for the
conversion of penicillin G to phenylacetic acid and 6-aminopeni-
cillanic acid using enzyme engineering techniques.**’

Amidase. In 2003, Asano and co-workers reported the in-
crease of thermal stability and simultaneous increase of catalytic
activity for the p-amino acid amidase from Ochrobactrum au-
thropi SV3, which facilitates the preparation of optically pure
amino acids. The substrate range is broad for amino acid amides,
even for those with a bulky side chain. After two rounds of
PCR mutagenesis and selection, a variant with 5°C higher
denaturation temperature and higher catalytic efficiency was
obtained.”*****

PST-01 protease from P. aeruginosa PST-01 was modified at
position 114 by substituting tyrosine with phenylalanine for an
improved synthesis of N-[(benzyloxy)carbonyl]aspartame.**®
Aminopeptidase from Streptomyces thermocyaneoviolaceus
NBRC14271 was engineered into a transaminopeptidase and
used to catalyze an aminolysis reaction to give linear and cyclic
dipeptides. The site-directed mutagenesis of catalytic S502
into C abolished aminopeptidase activity and triggered peptide
synthesis activity. The S502C variant recognized several ester
derivatives of amino acids as acyl donors and acyl acceptors to
give diverse peptides.”*”

4.4. Lyases E.C.4

Aldolases are among the most interesting enzymes in organic
chemistry as they are able to broaden the asymmetric synthesis
tools next to transition-metal catalysis and organocatalysis for the
synthesis of complex carbohydrates, often because they are
stereocomplementary to the latter (Scheme 37).

Many aldolases suffer from two main disadvantages, namely,
the narrow substrate acceptance and the need for phosphorylated
reagents. Therefore, many efforts were undertaken to evolve
mutants which accept nonphosphorylated substrates while keep-
ing the high stereoselectivity. Wong and co-workers reported a
variant with four amino acid exchanges in KDPG aldolase,
T84A/192F/V118A/E138V, with improved substrate range for
nonphosphorylated aldehydes.””® Next to the ability of the
variant to accept a nonphosphorylated substrate, it also catalyzed
the condensation of L-glyceraldehyde and pyruvate 76 in addi-
tion to the naturally configurated substrate D-glyceraldehyde
(Scheme 38).
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Scheme 37. C—C Bond Formation Catalyzed by p-2-Keto-3-
deoxy-6-phosphogluconate (KDPG) Aldolase
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2-Keto-3-deoxygluconate aldolase from the hyperthermophile
S. solfataricus is a highly thermostable type I aldolase that can
catalyze carbon—carbon bond formation using nonphosphory-
lated substrates. However, it exhibits poor diastereocontrol in
many aldol reactions, including the reaction of its natural
substrates, pyruvate and D-glyceraldehyde. From the set of
muteins tested, some variants that catalyze re- or si-facial-selective
aldol reactions to afford either D-2-keto-3-deoxygluconate
(0-KDGlu) or p-2-keto-3-deoxygalactonate (p-KDGal) with
good levels of diastereocontrol were identified.””” Directed
evolution approaches were also applied to L-thamnulose 1-phos-
phate (RhaD) aldolase to alter the donor substrate specificity of
RhaD aldolase from dihydroxyacetone phosphate (DHAP) to
dihydroxyacetone (DHA) (Scheme 39). In the presence of
borate, RhaD aldolases were identified by an in vivo selection
from a genetically engineered E. coli strain construct, which
accepted nonphosphorylated DHA.>*° This method was used for
the one-pot synthesis of L-fructose and the two-step synthesis of
L-iminocyclitols.

Another one-pot synthesis was applied with D-fructose-
6-phosphate aldolase (FSA) by using DHA, hydroxyacetone,
and 1-hydroxy-2-butanone as donor substrates to synthesize
several p-iminocyclitols.>*"

N-Acetylneuraminic acid lyase (NAL or NeuSAc aldolase),
which catalyzes the condensation of pyruvate 76 with N-acet-
ylmannosamine (131) (Scheme 40), is another aldolase evolved
from E. coli to obtain enhanced catalytic activity and a broader
substrate scope.”*” Directed evolution has also been performed
to modify the stereochemical properties, next to the expansion of
the substrate range.”>> Saturation mutagenesis was used to target
residues D191, E192, and S208, which were identified as hot

Scheme 39. RhaD Aldolase Mutant Accepts a
Nonphosphorylated Donor Substrate
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spots during structural studies.”** The variant E192N catalyzed
the retro-aldol reaction (cleavage) of 134 S times more efficiently
than the wild-type enzyme in the cleava%e of 132. The substrate
scope of the mentioned variant is broad,”*® but unfortunately, the
stereoselectivity is poor.”*” However, the variant was used as a
starting point for the generation of (4R)- and (4S)-selective
aldolases.

The (4R)-selective variant harbors next to E192N also A93V/
F109I/N153K/S208G amino acid exchanges, while the (4S)-selec-
tive variant carries T3M/A10V/T48A/Q61R/E64D/Q173R.>Y
Further optimizations led to T167V/E192N and E192N/
S208V variants appropriate for the selective cleavage of (4R)-
137 and T167G/E192N for (45)-136 (Scheme 41). The latter
showed excellent stereochemical discrimination and >50-
fold higher selectivity for (45)-136. These two variants
possess complementary catalytic properties regarding the
stereoselectivity.>*?

Wong and co-workers evolved an NAL variant which acce};ts
L-arabinose instead of N-acetylmannosamine (Scheme 42).>***%%

An example for changing the diastereoselectivity of an enzyme
was investigated by Berry et al.”>** Tagatose aldolase was trans-
formed into a fructose aldolase (Scheme 43).

2-Deoxyribose-S-phosphate aldolase (DERA) has been
evolved for application in the synthesis of statin drug.*** DERA,
which catalyzes the condensation of acetaldehyde and p-glycer-
aldehyde-3-phosphate (121), has been rationally designed to
increase the enzyme activity toward nonphosphorylated accep-
tors. Variant $234D showed 2.5-fold higher activity toward
p-glyceraldehyde.”*"*** A library of DERA variants have been
prepared using epPCR for the condensation reaction of 3-chloro-
propanal (144) and two acetaldehyde molecules (Scheme 44).
Variant F200I/S258T/Y259T was the most efficient catalyst for
the synthesis and industrial production of (3R,5S)-chloro-2,4,6-
trideoxyhexapyranoside, which is the key intermediate for the
cholesterol-lowering drug Lipitor (atorvastatin).

Diastereoselectivity-enhanced variants of L-threonine aldolase
(L-TA) for i-threo-3,4-dihydroxyphenylserine (L-threo-DOPS)
synthesis were isolated by error-prone PCR followed by a
high-throughput screening. The most improved variant was
T3-3mm?2, Y34C/Y39C/A48T/Y306C, which showed a 4-fold
increase of diastereoselectivity over wild-type .-TA.**

Hydroxynitrile Lyases (HNLs). Although many HNLs are well-
characterized enzymes and have already made their way to
industrial applications, there is still room for improvements.
Not all substrates can be converted in sufficient amount and
enantiopurity. Enzyme and/or substrate engineering is a widely
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Scheme 40. Directed Evolution of an Aldolase for Application in the Parallel Synthesis of Sialic Acid Mimetics**®
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Scheme 42. NAL Variant Catalyzes the Condensation of Arabinose and Pyruvate
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used approach to decrease the shortcomings. Substrate engineer- 90%).>* Designed (S)-HNLs of Manihot esculenta were gener-
ing attempts were reported by Griengl and co-workers with ated to improve the synthesis of (S)-2-chloromandelonitrile.”*®
HNLs.”** An example of a coupled approach of substrate and Glieder and co-workers have improved the HNL from Prunus
enzyme engineering published recently showed impressive re- amygdalus (PaHNL) starting from (R)-HNL isoenzyme S for
sults regarding both activity (10—20 times lower enzyme amount synthesizing (R)-pantolactone, which is an intermediate in
required) and selectivity (ee increased from 10% to about vitamin BS synthesis. (R)-Pantolactone can be synthesized from

4157 dx.doi.org/10.1021/cr100386u [Chem. Rev. 2011, 111, 4141-4164



Chemical Reviews

Scheme 43. Tagatose Aldolase Engineered to Fructose Aldolase
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hydroxypivalaldehyde and HCN catalyzed by PaHNL. The ee
and the amount of enzyme needed for the reaction were not
satisfying. Several preparations of natural and recombinant PaHNL
isoenzymes and also other Rosaceae HNLs were screened. How-
ever, enzymes with improved properties regarding activity and
selectivity were not found. At this point, the best enzyme was
subjected to saturation mutagenesis at several positions, identi-
fied by molecular modeling. The ee could be increased from 89%
to 97% thereby.”*”*** Another success story regarding PAHNL
improvement is mutein PaHNLS5-L1Q-A111G. Large-scale pro-
duction of (R)-2-chloromandelic acid—the chiral building block
for the drug Clopidogrel—via (R)-2-chlorobenzaldehyde cya-
nohydrin was hindered by low turnover rates and moderate ee in
both the enzymatic and metal-catalyzed reactions. The rationally
designed mutation of alanine to glycine at position 111 raised the
yield enormously.****

Another example for improved HNL is the “tunnel variant” W128A
of the HNL from M. esculenta (MeHNL).>>" On the basis of the crystal
structure and reaction mechanism of MeHNL, a tryptophan residue at
the entrance to the active site was supposed to play a crucial role
regarding enzyme activity. Replacing the bulky amino acid by the
smaller amino acid alanine leads to the enhanced activity.**

In two other examples, HNLs were highly improved by
single point mutations to convert sterically demanding substrates
(Scheme 45)*** and to obtain improved enantioselectivity.”>* A
single amino acid replacement improved the folding and stability
of recombinant MeHNL expressed in E. coli.>>®

Arylmalonate decarboxylase was redesigned by introducing a
second cysteine into the active site to yield a racemase. The
mutant was active in racemization of o.-(2-naphthyl)propionic
acid. Five further related substrates could also be racemized.”
Another engineered arymalonate decarboxylase was created for
the inversion of configuration. The decarboxylation takes place

Scheme 45. Synthesis of Chiral Enantiocomplenentary
Cyanohydrines by HNLs from Different Sources

O OH
JJ\ PaHNL )<CN
R1 R2 + HCN =— R1 R2
146 (R)-147
H
JOJ\ MeHNL /9—<CN
RifNge  + HON ——— <5
146 (S)-147

through an enolate intermediate and gets finalized by proton-
ation with a cysteine residue, 188, on the si-face of the substrate.
An enzyme with complementary enantioselectivity was created
by the exchange C188S and introduction of a cysteine at the re-
face of the substrate in the active site.”” Arylmalonate decarbox-
ylase from Bordetella bronchiseptica has been modified, and
several variants have been shown to be more effective in the
decarboxylation of 0t-arylmalonates and disubstituted malonates
possessing aryl or alkyl residues.”***>

Benzoylformate decarboxylase (BFD) is a thiamin diphosphate
(ThDP)-dependent enzyme and exhibits carbon—carbon bond
formation activity. It can be used for the synthesis of (S)-2-hydroxy-
1-phenylpropanone from benzaldehyde and acetaldehyde. The
carboligase activity of the enzyme from P. putida has been increased
5-fold after several rounds of directed evolution.**° Studies revealed
L461 as a hot spot for stereoselectivity in BED. Exchange to alanine
and glycine resulted in variants that catalyze the (S)-stereoselective
addition of larger acceptor aldehydes, such as propanal with
benzaldehyde and its derivatives, which are not catalyzed by the
wild-type enzyme.”®' Benzoylformate decarboxylase from P. putida
was engineered, and some of the variants showed improved
decarboxylation activity toward 2-ketohexanoate, 2-ketopentano-
ate, and 2-ketobutanoate.”** The formation of ( S)-2-hydroxy-1-(2-
substituted)phenyl propan-1-one (149) was performed by BFD
variants L476Q and M365L/L461S (Scheme 46).2%

Introducing an A28S mutation into benzaldehyde lyase (BAL)
from P. fluorescens allows the enzyme to decarboxylate benzoyl-
formate.”**

Transketolase, another thiamin diphosphate-dependent enzyme of
E. coli, is involved in the C—C bond formation reaction for the
biosynthesis of D-ribose-5-phosphate in nature (Scheme 47). Var-
iants of this enzyme were prepared on the basis of focused mutation
within the active site and screened for improved enantioselectivity.

An engineered variant of E. coli transketolase (D469T) was
used for the initial asymmetric synthesis of (35)-1,3-dihydroxy-
pentan-2-one (152) from achiral substrates propanal (150) and
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Scheme 46. Enantioselective C—C Bond Formation by BFD
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Scheme 47. C—C Bond Formation Catalyzed by
Transketolase
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Scheme 48. Kemp Elimination
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hydroxypyruvate 151. The variant showed a nearly S-fold
increased specific activity.”*®

Tyrosine phenol-lyase from Symbiobacterium toebii was engi-
neered to improve both its stability and its catalytic activity by
the application of random mutagenesis and subsequent reassembly
of the acquired mutations. Finally, up to 3-fold improved activities
and half-inactivation temperatures improved by up to 11.2 °C
were obtained. Sequence analysis revealed mutations which were
beneficial for the stability or activity improvement.** Introduction
of selected single point mutations into tyrosine phenol lyase from
Citrobacter freundii led to enzyme variants which had properties
superior to those of the wild-type. The best variant, M379V,
transformed, in contrast to the wild-type, o-cresol, o-methoxyphe-
nol, and o-chlorophenol efficiently to the corres})onding tyrosine
derivatives without any detectable side product.”””

4.5. Isomerases E.C.5

The alanine racemase from G. stearothermophilus was engi-
neered to generate aldolase activity. By introducing a single point
mutation in the active site, the Y265A variant was able to catalyze
the cleavage of both (2R,3S) and (2R,3R)-0t-methyl-f3-phenyl-
serines to benzaldehyde and alanine with similar rates. The
stereoselectivity at the [-position of the substrate was poor,
but the o-selectivity was good. Only D-configurated substrates
were transformed.”®® Successful examples for the synthesis of
B-hydroxy-0-amino acids with a re-engineered alanine racemase
were described recently.*®

Tyrosine 2,3-aminomutase from Chondromyces crocatus was
engineered, and the selectivity of the E399K variant showed a

signiﬁcantlgf enhanced selectivity to produce (R)-[3-tyrosine from
L-tyrosine. 70

4.6. New Enzymes. In Silico Enzyme Design

Baker, Tawfik, and co-workers pioneered the creation of an
enzyme catalyzing a reaction for which no natural equivalent is
believed to exist. They demonstrated the computational design
of an enzyme activity for the Kemp elimination, identifying the
requirements for a catalytic process (Scheme 48).

From 59 designs of the catalytic base in 17 different protein
folds which were created and evaluated, 8 showed measurable
activity. Using a directed evolution approach, the catalytic
efficiency could be improved by more than 200-fold.*”"*”* This
concept can serve as the starting point for the creation of
designed enzymes with no natural origin and equivalent for
every thinkable chemical reaction.

5. CONCLUSION

The large number of designed enzymes successfully used in
organic synthesis convincingly shows that the application of
methods and tools of mutagenesis paves the way to improve the
efficiency, selectivity, and stability of biocatalysts as required for
certain purposes. The development of the methods is progres-
sing rapidly, e.g., by the use of fully synthesized libraries and more
efficient analytical methods and increasing knowledge of enzyme
function. Our understanding of molecular interactions is still a
key limitation and needs more attention. Research should focus
not only on designing improved enzymes but also on compre-
hending the effects we see.

However, even with limited insight into molecular mechanisms,
enzymes are having a huge, positive impact on the sustainability
parameters of chemical manufacturing processes. Undoubtedly,
this impact will grow as the limitations of enzymes will no longer
be limitations for these processes. Future enzyme design strategies
will enable sustainable processes to be set up within shorter
timelines and with lower cost and higher chances of success.
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