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Abstract

Directed evolution of enzymes provides a prolific source of biocatalysts for
asymmetric reactions in organic chemistry and biotechnology. Nowadays, the
real challenge in this research area is the development of mutagenesis methods
and strategies which ensure the formation of small and highest-quality mutant
libraries requiring minimal screening effort. This chapter constitutes a critical
analysis of recent developments. Saturation mutagenesis at sites lining the bind-
ing pocket using highly reduced amino acid alphabets has emerged as the supe-
rior approach for evolving stereoselectivity.

3.1 Introduction

Asymmetric catalysis stands at the heart of modern synthetic organic chemistry.
The three options are chiral transition metal catalysts, organocatalysts, and enzymes.
The latter have been applied in synthetic organic chemistry for a century, but bioca-
talysis has not been accepted as a routine technique for several reasons. However,
during the last two decades, notable progress has been made in bioprocess develop-
ment, reactor design, downstream processing, immobilization, improved expression
systems, and genome mining for identifying new enzymes [1]. Nevertheless, seri-
ous problems persisted due to the following often observed limitations:

e Poor or wrong stereoselectivity
e Limited substrate scope
 Insufficient activity
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Scheme 3.1 Model reaction used in the first study of directed evolution of a stereoselective
enzyme [6]

The so-called rational design based on appropriate site-specific mutagenesis has
been shown to be successful in some cases [2], but directed evolution has clearly
emerged as the more general and reliable approach [3]. As in genetic optimization
of thermostability [4], three basically different gene mutagenesis methods can be
applied in order to enhance or invert stereoselectivity: error-prone polymerase chain
reaction (epPCR), saturation mutagenesis, and/or DNA shuffling [3, 5]. The first
example of directed evolution of an enantioselective enzyme concerned the hydro-
Iytic kinetic resolution of rac-1, catalyzed by the lipase from Pseudomonas aerugi-
nosa (PAL) (Scheme 3.1) [6]. WT PAL leads to low enantioselectivity slightly
favoring the formation of (S)-2, the selectivity factor amounting to only E=1.4.

Four cycles of epPCR at low mutation rate with introduction of a single point
mutation in each round enhanced enantioselectivity to E=11 (S). Since the fifth
cycle resulted in marginal improvement (E=15), which is far from practical appli-
cation, different mutagenesis strategies were developed. The combination of epPCR,
saturation mutagenesis, and DNA shuffling afforded a variant characterized by six
point mutations, showing a selectivity factor of E=51 and a 250% increase in activ-
ity [7]. Only one of the mutations occurred near the active site, five being remote. A
theoretical analysis based on QM/MM showed a relay mechanism to be operating.
More importantly, it was predicted that only two of the six mutations are necessary
for high enantioselectivity. Indeed, the respective double mutant proved to be even
more effective (E=62) [8].

These observations demonstrated that the genetic approach utilizing epPCR,
saturation mutagenesis, and DNA shuffling is successful, but not efficient, a great
deal of time-consuming screening being necessary (50,000 transformants). It was
also possible to invert enantioselectivity in favor of (R)-2, but this also involved
excessive screening [9]. At the time, several other groups joined efforts in general-
izing directed evolution of stereoselectivity using the same strategies, as summa-
rized in a 2004 review [10]. However, efficacy was not a focal point of research.
Since the screening step is the bottleneck in the overall directed evolution process,
methods and strategies for generating smaller and smarter libraries had to be
developed.

After several years of research using PAL and other enzymes, saturation muta-
genesis at sites lining the binding pocket as part of the combinatorial active-site
saturation test (CAST) emerged as the optimal strategy (Scheme 3.2a) [11].

CAST is a convenient acronym to distinguish it from saturation mutagenesis at
other (remote) sites for different purposes. When the “hits” in initial CAST libraries
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binding
pocket

Scheme 3.2 (a) Systematization of CASTing; A, B, C, etc. denote potential randomization sites,
each comprising one, two, or more residues lining the binding pocket. (b) Two-, three-, and four-
site ISM schemes

Table 3.1 Difference in screening effort when applying NNK (encoding all 20 canonical amino
acids) versus NDT (encoding 12 amino acids: Phe, Leu, Ile, Val, Tyr, His, Asn, Asp, Cys, Arg, Ser,
Gly) for 95% library coverage [5]

NNK NDT

Nr. of amino acid Transformants Transformants
positions at one site Codons needed Codons needed

1 32 94 12 34

2 1028 3066 144 430

3 32,768 98,163 1728 5175

4 >1.0x10° | >3.1x10° >2.0x10* | >6.2x10*
5 >33%x10" |>1.0x10% >2.5%10° | >5.5%10°
6 >1.0x10° | >3.2x10° >2.9x10° | >8.9%10°
7 >3.4x10"° | >1.x10" >3.5x107 |>1.1x10%
8 >1.0x 10" | >3.3x10" >4.2x108 | >1.3%10°
9 >3.5%10% | >1.0x10" >5.1%x10° | >1.5%10"
10 >1.1x10% | >3.4x10" >6.1x10" |>1.9x10"

still display insufficient enantioselectivity, a recursive process is recommended: iter-
ative saturation mutagenesis (ISM) [12]. Scheme 3.2b shows the case of two-, three-,
and four-site ISM systems involving two, six, and 24 pathways. It is not necessary to
explore all theoretically possible pathways, but some may be more productive than
others. Since saturation mutagenesis at large randomization sites requires excessive
screening for 95% library coverage, reduced amino acid alphabets were introduced
[13]. In order to remind the reader of the relationship between the size of a random-
ization site, the nature of the amino acid alphabet, and the screening effort for 95%
library coverage, Table 3.1 is included here which illustrates the difference between
NNK and, e.g., NDT codon degeneracy, which encode 20 and 12 canonical amino
acids, respectively [5]. Any other reduced amino acid alphabet that the researcher
may want to use can be analyzed statistically in the same manner using the CASTER
computer aid [5], which is based on the Patrick/Firth algorithm [14]. The Nov metric
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can also be used, in this case identifying the nth best mutant [15]. CAST/ISM should
be guided by X-ray structures (or homology models) and sequence data. Initial
NNK-based saturation mutagenesis at individual CAST positions, requiring the
screening of only one 96-format microtiter plate, also provides information for
choosing a reduced amino acid alphabet in subsequent mutagenesis experiments.

The lessons learned from these methodological developments, reported in a
series of studies using different enzyme types [3f, 5], were then used as a guide in
the final directed evolution study of PAL for comparison purposes [16]. It was dis-
covered that CAST/ISM provides a notably improved triple mutant showing E=594
(S) in the model reaction involving the kinetic resolution of rac-1, while requiring
the screening of less than 10,000 transformants. This highlights the progress in
methodology development. In the ISM study, three CAST sites A, B, and C, were
designed, and NDT codon degeneracy was applied, leading to the highly improved
triple mutant [16]. This variant has no superfluous mutations. The origin of the
unusually high degree of enantioselectivity was traced on a molecular level to strong
cooperative mutational effects. Such synergistic effects (more than additivity) were
later found in other ISM-based studies as well [17]. In an independent study utiliz-
ing a galactosidase as the enzyme, saturation mutagenesis was likewise shown to be
more efficient than DNA shuffling [18].

Since the publication of the best results concerning PAL, further progress in
methodology development has been achieved [5, 19, 20]. The primary focus was
placed on utilizing the smallest possible reduced amino acid alphabets, again for the
purpose of minimizing screening while maximizing library quality. In doing so, two
different strategies can be applied (Scheme 3.3). According to strategy 1, one and
the same reduced amino acid alphabet is used for the whole CAST randomization
site in a single experiment. In contrast, strategy 2 calls for a different reduced amino

one reduced amino
acid alphabet for entire
randomization site

optionally
screen . ISM improved
L | — — | i)

Strategy 1

different reduced amino
acid alphabet at
each position

$ll ll$ optionally
HEREN

screen _ ISM improved
T w] . [

Scheme 3.3 Two strategies for applying saturation mutagenesis in order to manipulate
stereoselectivity
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acid alphabet for each position of a multi-residue site, a single experiment also
being involved. In both cases, ISM can be applied for further optimization.

Nowadays, automated GC or HPLC can handle typically 2000-3000 transfor-
mants within a few days. An on-plate pretest for activity is nevertheless recom-
mended, the much smaller number of hits then being analyzed for stereoselectivity
by chiral GC or HPLC. The question whether to choose a reduced amino acid alpha-
bet such as NDT in combination with, e.g., two-residue randomization sites fol-
lowed by ISM, or to opt for a much smaller reduced amino acid alphabet encoding
only one, two, or three amino acids in combination with larger randomization sites,
e.g., four to ten residues, has been addressed [20-22]. Triple code saturation muta-
genesis (TCSM) using three- or four-residue CAST randomization sites appears to
be the strategy of choice as shown by several recent studies [22]. In these cases, the
initial CAST libraries often harbor stereoselective variants that fulfill all require-
ments for practical applications or require only one ISM step for final fine-tuning.
Nevertheless, more experience is needed for final assessments. When applying
CAST/ISM, several guidelines are recommended:

e Library design by the CASTER computer aid (http://www.kofo.mpg.de/en/
research/biocatalysis) or the GLUE-IT metric (http://guinevere.otago.ac.nz/cgi-
bin/aef/glue-IT.pl), both available free of charge

* Guidance by structural, mechanistic, and (consensus) sequence data [20-22]

* Use of an on-plate pretest for activity followed by chiral GC or HPLC analysis
for enantioselectivity [21]

* Application of the quick quality control [23a] or quantitative Q-values [23b] in
order to avoid screening something that does not exist

* Application of pooling techniques for reducing the screening effort [23a, 24]

e Techno-economical analysis which considers, inter alia, the number, quality, and
cost of primers used in designing and generating mutant libraries [25]

The CAST/ISM-based approach has proven to be particularly efficient, fast, and
reliable [5, 19, 20], but other gene mutagenesis methods continue to be used.
Unfortunately, comparative experiments are generally not made. In some ISM-
based studies, a final round of epPCR was added for further (small) improvements,
as in the case of directed evolution of a glycosidase [26]. In other investigations,
only epPCR and/or DNA shuffling were employed. In the sections that follow,
selected recent examples of directed evolution of stereoselectivity using different
gene mutagenesis techniques and strategies are critically analyzed.

3.2 Cytochrome P450 Monooxygenases

Cytochrome P450 monooxygenases (CYPs) catalyze several synthetically useful
reaction types, including asymmetric oxidative hydroxylation R-H — R-OH, olefin
epoxidation, and sulfoxidation. Several reviews of CYP protein engineering have
appeared [27]. The first study featuring the manipulation of enantioselectivity of a
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Scheme 3.4 Model reaction used in the first case of directed evolution of a P450 monooxygenase
leading to high regio- and stereoselectivity [28]

cytochrome P450 monooxygenase while maintaining essentially complete regiose-
lectivity concerned the P450-pyr catalyzed oxidative hydroxylation of N-benzyl-
pyrrolidine (4) with formation of product 5 (Scheme 3.4) [28]. WT P450-pyr shows
complete regioselectivity in favor of the 3-hydroxy product, but with a mere 43% ee
(S). The substrate appears to be bound in two energetically similar poses within
reach of the catalytically active high spin heme-Fe=0O (Cpd I) in the large binding
pocket. The mechanism is known to involve a radical abstraction of the H-atom with
formation of a carbon-centered radical followed by rapid C-O bond formation. The
ideal O-H-C angle has been calculated to be about 130° [29].

Using a homology model, 17 residues were identified within 5 A of the heme-
docked substrate [28a]. With the exception of residues C366 and G256, they were
subjected individually to saturation mutagenesis using NNK codon degeneracy.
This would require for 95% library coverage the screening of only 94 transformants
in each case. In fact, an excess of 180 transformants were screened to ensure even
higher coverage [28a]. Whereas variant F4A03L improves (S)-selectivity to 65% ee,
a single point mutation (N100S) induces the reversal of enantioselectivity. In order
to enhance (R)-selectivity, a simplified version of ISM was applied by employing
mutant N100S as the template in saturation mutagenesis at other CAST sites. The
best double mutant proved to be N100S/T1861 with an enantioselectivity of 83% ee
(R) and no trade-off in regioselectivity.

In a subsequent study, (S)-selectivity was improved by exploring more of protein
sequence space [28b]. First, the crystal structure of WT P450-pyr was determined
and used as a guide in choosing CAST sites. Twenty residues, A77, 182, 183, L98,
P99, N100, 1102, A103, S182, D183, T185, T186, L251, V254, G255, D258, T259,
L302, M305, and F403, were targeted using the same simplified ISM-based strat-
egy. Only nine initial libraries had to be generated, since the remaining 11 had
already been obtained in the previous study. The best variant IS3H/M305Q/A77S
was obtained in three rounds of iterative saturation mutagenesis (ISM), showing an
ee-value of 98% (S) at fully maintained regioselectivity and little trade-off in activ-
ity [28b]. It would be interesting to test TCSM [22] in this reaction.

Particularly challenging goals arise when regio- and enantioselectivity need to be
evolved. In a study dedicated to solving this problem, P450-BM3 was employed [30]. It
was found that WT P450-BM3 catalyzes the hydroxylation of cyclohexene- 1-carboxylic
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Scheme 3.5 Model reaction used in the first case of directed evolution of a P450 monooxygen-
ase leading to high regio- and stereoselectivity with optional formation of either enantiomeric
product [30]

Fig.3.1 The 24 P450-BM3 residues considered for saturation mutagenesis. They were assigned
to three categories marked in green (residues closest to the heme), blue (residues further away but
still lining the binding pocket), and yellow (residues at entrance to the large binding pocket) [30]

acid methyl ester (6) with insufficient regioselectivity (84%) and poor enantioselectivity
(34%) ee in slight favor of (R)-7) (Scheme 3.5).

In order to achieve practical levels of regioselectivity as well as >95% (R)- and
(S)-selectivity on an optional basis, ISM was applied. On the basis of the crystal
structure of P450-BM3, a total of 24 CAST residues were identified (first- and
second-sphere residues) (Fig. 3.1) [30].

NNK-based saturation mutagenesis was initially applied at 23 of the 24 posi-
tions, leading to a limited set of improved mutants with enhanced and reversed



76 M.T. Reetz
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Scheme 3.6 P450-BM3 catalyzed oxidative hydroxylation of the diterpenoid B-cembrene-
diol [32]

enantioselectivity. This information formed the basis of ISM optimization. For
example, the gene of the best (R)-selective variant was chosen as the template for
saturation mutagenesis at other sites which had also favored (R)-selectivity, and the
analogous procedure was applied for reversing (S)-selectivity. This strategy pro-
vided selective variants (97-98% ee) favoring (R)- and (5)-7, respectively, and dis-
playing regioselectivities in the range of 93-98% [30].

ISM was also applied to P450-BM3 catalyzed oxidative hydroxylation of ste-
roids as part of “late-stage oxidation” [31]. For example, testosterone was used as
the substrate, for which 2B- and 158-selective variants were evolved showing >95%
regio- and diastereoselectivity.

Yet another example of late-stage oxidative hydroxylation concerns P450-BM3
catalyzed reactions of the monocyclic diterpenoid B-cembrenediol (11), which is
essentially not accepted by the WT (2% conversion) (Scheme 3.6) [32]. At the time
of this project, a number of other protein engineering studies utilizing various struc-
turally different substrates were available, the mutational data being of significant
help in the new endeavor [27]. This is an important point, because it is logical to
learn from past experience and not to start from “scratch” in each new project. For
example, it was known that residue F87 is a sensitive position, smaller amino acids
generally being necessary to enable substrate acceptance of sterically demanding
compounds because the phenyl group of F87 prevents complete access to the cata-
Iytically active heme-Fe=0O (Cpd I). Therefore, known variants F§7A and F87G
[27] were tested first, which indeed led to acceptable levels of activity. These were
then used as templates for site-specific mutagenesis at selected first-sphere CAST
residues A74, L75, V78, 1263, A264, and L437. Iterative site-specific mutagenesis
was performed in several rounds, in each case a new point mutation being intro-
duced [32]. A total of 29 variants were produced by this technique, which resembles
ISM without the need to screen libraries. Structure-guided successive site-specific
mutagenesis with the creation of minimally sized libraries constitutes a fusion of
rational design and directed evolution. Whereas the particular choice of the muta-
tions limits structural diversity drastically, the results proved to be of practical inter-
est in this project. Several variants were generated in this way, F87A/I263L
catalyzing complete regioselective hydroxylation at position C-9 with an 89:11 dia-
stereomeric ratio. The triple mutant L75A/V78A/F87G enables hydroxylation at
position C-10 (97% regioselectivity) with a 74:26 diastereomeric ratio. Assignment
of the absolute configuration at the new stereogenic centers was not reported [32].
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Scheme 3.7 Oxidative hydroxylation of artemisinin by P450-BM3 mutants [33]

This study nicely shows that very small semi-rationally designed mutant libraries
may well suffice, provided sufficient previous knowledge of mutational effects is
available. Indeed, after years of protein engineering of P450-BM3, the huge muta-
tional data serves as a convenient guide when targeting new substrates using ratio-
nal design or directed evolution.

Another interesting example of directed evolution of a CYP concerns the late-
stage regio- and stereoselective hydroxylation of the antimalaria drug artemisinin
catalyzed by P450-BM3 (Scheme 3.7) [33]. Here again a semi-rational approach
was implemented using saturation mutagenesis at first-sphere CAST sites, this time
based on initial P450 fingerprinting followed by fingerprint-driven reactivity predic-
tions and final ISM experiments. WT P450-BM3 does not accept the substrate.
First, 125,000 transformants were screened for activity using not the actual sub-
strate artemisinin, but five semisynthetic chromogenic probes, which gave rise to
1950 active variants that accept such sterically demanding substrates (criterion:
“>10% of parent enzyme activity on at least one of the fingerprint probes”), and 522
functionally unique variants (criterion: “larger than 20% variation on at least one of
the five fingerprint components compared to the parent enzyme and any other mem-
ber of the library”) [33]. After correlating the P450-BM3 fingerprints with the actual
artemisinin reactivity, 75 variants remained and were tested as catalysts for oxida-
tion of the real substrate by HPLC analysis. The best hit was variant FL#62, which
was found to have 16 point mutations. This work was then followed by several ISM
experiments. The result of all of these efforts is summarized in Scheme 3.7 [33].
Whereas the “parent” enzyme showed 83% C7(S)-, 10% C7(R)-, and 7% C6a-
selectivities, notable improvements were achieved in the final saturation mutagen-
esis experiments. The tendency to hydroxylate at C6 and C7 was maximized by
directed evolution. If for some reason a different position were to be the target, then
the challenging question of how to achieve such regioselectivity would arise.
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In the directed evolution of CYPs, as in other enzyme types, a clear trend to uti-
lize saturation mutagenesis has emerged [27, 34]. However, some researchers in
recent CYP studies rely on epPCR and site-specific mutagenesis. An example is the
evolution of P450-BM3 mutants that hydroxylate the contraceptive drug norethis-
terone at the 158- or 168-position [35a]. The combination of epPCR and DNA shuf-
fling has also been used, as in activity optimization of the 13-hydroperoxide lyase
CYP74B; the products are used for the production of C6-aldehydes [35b].

To date, the concept of P450-catalyzed late-stage oxidative hydroxylation of natu-
ral products or synthetic compounds suffers from the lack of predictability as to where
hydroxylation will occur. When designing a synthetic pathway in natural product syn-
thesis, it is generally unclear whether P450-catalyzed hydroxylation will occur at the
desired position. In such a situation, the initial library must be diverse enough to har-
bor variants that provide many different regioisomers. If the desired product is formed
to a small extent, then the respective mutant can be chosen for further mutational
improvements with the aim of turning the minor into the major product.

3.3  Baeyer-Villiger Monooxygenases

The first directed evolution study of a Baeyer-Villiger monooxygenase (BVMO)
concerned the optimization of cyclohexanone monooxygenase (CHMO) as the cata-
lyst in the oxidative desymmetrization of 4-hydroxycyclohexanone [36]. One of the
best variants evolved by epPCR, F345S, was then used in the desymmetrization of
structurally different ketones (Table 3.2) [37]. It can be seen that in essentially all

Table 3.2 CHMO variant Phe432Ser as the catalyst in oxidative desymmetrization [37]

Substrate ee (%) Substrate ee (%)

o] 94 O 196
(o ~ (1Y OO~ O
-

an

o 91 o
(O~ (1% i;; gLJO
{j °

>99

>99

o] 97
0 — )
- 5 @ N
HaC ~OH g




3 Recent Advances in Directed Evolution of Stereoselective Enzymes 79

Scheme 3.8 R R
Oxidative kinetic O

resolution catalyzed BVMO 0
by mutants of the 0,
Baeyer-Villiger
monooxygenase
PAMO [40]

rac-14aR = H (R)- or (S)-15a R = H
bR=Cl bR=Cl

PAMO
STMO
CPMO
CDMO
CHMO
CHMO1
CHMOZ
CHMO3

Scheme 3.9 Sequence alignment of eight BVMOs (loop 441-444 in gray box) [40]

cases, high enantioselectivity as well as chemoselectivity was achieved without
having to perform additional mutagenesis experiments.

These results are impressive when utilizing whole cells, but CHMO suffers from
insufficient thermostability. The discovery of the unusually robust phenyl acetone
monooxygenase (PAMO) aroused a great deal of interest, although its substrate
scope was shown to be very narrow [38]. Such substrates as cyclohexanone or deriv-
atives thereof are not accepted by this BVMO, apparently because the binding
pocket is too small to accommodate such compounds. In order to solve this prob-
lem, a series of CAST-based directed evolution studies have appeared [39].

A bioinformatics-based study of PAMO as the catalyst in oxidative kinetic resolu-
tion of compounds 14a-b deserves special attention for three reasons (Scheme 3.8)
[40]: (1) It not only utilized structural data for choosing appropriate CAST sites, but
also (2) sequence alignment information in order to derive optimal reduced amino acid
alphabets, and (3) a different codon degeneracy according to strategy 2 as outlined in
Scheme 3.3 (Introduction). Ketone 14a was used in all screening assays, the best
evolved variant then being tested in the oxidative kinetic resolution of 14b as well [40].

Guided by the PAMO crystal structure [38b], four residues in loop 44 1-444 next
to the binding pocket were chosen as CAST sites. NNK-based randomization of a
four-residue CAST site would require the screening of 3.1 million transformants for
95% library coverage, while NDT codon degeneracy would still call for excessive
screening( ~ 62,000 transformants) (Table 3.1, Introduction). Therefore, eight
Baeyer-Villiger monooxygenases were aligned, the loop region 441-444 being of
interest (Scheme 3.9) [40]. A limited number of amino acids are conserved at the



80 M.T. Reetz

Table 3.3 Codon degeneracies chosen at each position in the PAMO loop 441-444. Degenerate
codons: A (adenine), B (cytosine/guanine/thymine), C (cytosine), G (guanine), S (cytosine/gua-
nine), K (guanine/thymine), N (adenine/cytosine/guanine/thymine. WT amino acids are shown in
parentheses [40]

Amino acid Codon Encoded amino Oversampling for 95%
positions degeneracy acids Codons | coverage
441 KCA A, (S) 864 2587
442 KBG S,(A),L,V,W,G
443 BGC EH, L), V. Y,G,
D,R,C
444 NSC (S).A,PT,R,G,C

four positions: Ser and Ala (position 441); Ala, Val, Gly, and Leu (position 442);
Leu, Phe, Gly, and Tyr (position 443); and Ser, Ala, Cys, and Thr (position 444).
Consequently, these amino acids were used as building blocks at the respective
positions of the four-residue randomization site, these reduced amino acid alphabets
minimizing the screening effort drastically.

Codon degeneracies were then designed for matching the amino acids occurring at
these four positions while also introducing a limited number of additional amino acids
for randomization experiments in order to minimize primer costs and enhance diver-
sity (Table 3.3) [40]. WT amino acid is maintained throughout. Interestingly, at posi-
tion 441, KCA codon degeneracy correlates with the introduction of only one new
amino acid (Ala). At positions 442444 structural diversity was designed to be higher.

After screening a mere 1700 transformants (95% library coverage would require
2587), several active variants were discovered, PAMO mutant Ser441Ala/
Ala442Trp/Leud43Tyr/Ser444Thr displaying the highest activity and enantioselec-
tivity (E=70 in favor of (R)-15a) (Scheme 3.8) [40]. This variant proved to be an
even better catalyst for the oxidation of the p-chloro-derivative 14b (£ >200). As in
the case of 14a, WT PAMO does not accept this substrate. It was concluded that
bioinformatics can be used to define a reduced amino acid alphabet and that a dif-
ferent designed reduced amino acid alphabet can well be effective at each position
within a multi-residue randomization site in a single saturation mutagenesis experi-
ment (strategy 2 in Scheme 3.3). This approach was later employed in the directed
evolution of other enzyme types [21b, 22].

It should be mentioned that following these and other CAST-based studies of
BVMOs [39], examples of epPCR as an alternative were reported. For example,
BmoFI from Pseudomonas fluorescens DSM 50106 was used as the catalyst in the
oxidative kinetic resolution of rac-16 with preferential formation of (S)-17 (Scheme
3.10) [41]. Enantioselectivity of the WT ranges between E=55 (at small scale) and
E=71 (growing E. coli cells in shake flasks). Application of epPCR and screening
3500 transformants provided several improved mutants displaying £=77-92. Upon
combining the respective point mutations, an excellent variant was identified,
His51Leu/Ser136Leu displaying a selectivity factor of E=86 [41].

In a very different approach not relying on CASTing, epPCR, or DNA shuffling,
a theoretically predicted remote two-residue site comprising positions 93 and 94 in
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Scheme 3.10 Oxidative kinetic resolution catalyzed by mutants of the Baeyer-Villiger monooxy-

genase BmoFI [41]
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Scheme 3.11 Asymmetric sulfoxidation catalyzed by mutants of the Baeyer-Villiger monooxy-

(R)-19
genase PAMO [22a]

PAMO was subjected to saturation mutagenesis with the expectation of an allosteric
effect in the absence of an effector molecule [42]. Several four-substituted cyclo-
hexanone derivatives (methyl, ethyl, n-butyl, terz-butyl) were chosen as substrates
which are not accepted by WT PAMO. This procedure proved to be surprisingly
successful, the double mutant GIn93 Asn/Pro94 Asp showing 97-98% (R)-selectivity
for the methyl, ethyl, and n-butyl derivatives in desymmetrization reactions. The
tert-butyl derivative was not accepted due to steric factors. Instead of an effector
molecule inducing allostery, it is the mutational change that is causing a conforma-
tional reorganization at the binding site. Calculations of Karplus-type covariance
maps [43] of the double mutant versus WT PAMO showed that the expected confor-
mational motions were indeed occurring [42]. Deconvolution of GIn93Asn/
Pro94Asp showed that the single mutants GIn93Asn and Pro94Asp are inactive,
signaling pronounced cooperative mutational effects.

To date, the concept of focusing on mutationally induced remote allosteric effects
has not been applied to other substrates. In further optimization, the double mutant
GIn93Asn/Pro94Asp could be used as a template for CASTing. However, research-
ers have preferred to concentrate from the very beginning on CAST-based ISM
when new projects are initiated. For example, using this strategy, PAMO was
evolved as the catalyst in asymmetric sulfoxidation reactions using prochiral thio-
ether 18 as the substrate (Scheme 3.11) [22a]. WT PAMO leads to the preferential
formation of (S)-19 with notable selectivity (90% ee). The primary goal was to
evolve inverted enantioselectivity in favor of (R)-19.

Six potential randomization residues were first identified on the basis of the
PAMO crystal structure [38b] and past studies which identified “hot spots”: P440,
A442, and 1443 (as CAST loop residues) and V54, 167, and Q152 (as traditional
CAST sites). One possible strategy would be to group them into three two-residue
randomization sites and to apply ISM. In this study, a different procedure was chosen
[22a]. In exploratory experiments, residues V54, 167, Q152, and A442 were chosen
for individual saturation mutagenesis. Instead of applying traditional NNK codon
degeneracy, the “smart-intelligent” library construction according to Tang [44] was
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Scheme 3.12 Two ISM pathways in the directed evolution of PAMO as catalyst in the asymmet-
ric sulfoxidation of 18, WT — A — B providing two (R)-selective variants ZGZ-1 and ZGZ-2 and
WT — B — A leading to an equally (R)-selective variant ZGZ-3 [22a]

used. Four pairs of primers with degenerate codons of NDT (encoding 12 amino
acids N, S, L H, R, L, Y, C, F, D, G, and V), codon degeneracy VMA (encoding six
amino acids E, A, Q, P, K, T), codon degeneracy ATG (encoding M), and codon
degeneracy TGG (encoding W) were considered at the target sites [22a]. They were
mixed in a ratio of 12:6:1:1, and for each library creation, only 60 transformants had
to be screened for 95% coverage. Whereas saturation mutagenesis at V54 failed to
provide any hits, the other libraries harbored improved hits.

Following these initial experiments, a two-site ISM scheme starting from WT
PAMO was designed involving site A (P440/A442/1.443) with reduced amino acid
alphabets and site B (I67 as a hot spot identified earlier) with 20 amino acids. The
reduced amino acid alphabet applied at P440 involved three building blocks as the
components of a triple code in addition to the WT amino acid, Tyr, Leu, and Phe.
This is an example of triple code saturation mutagenesis (TCSM) [22a] as part of
strategy 2 (Scheme 3.3). The results of this minimal search in protein sequence
space are summarized in Scheme 3.12 [22a]. It can be seen that pathway WT — A
— B provided two variants showing highly reversed enantioselectivity: ZGZ-1
(167C/P440F/A442F/L443D (92% ee) and ZGZ-2 (167Q/P440F/A442N/L4431
(95% ee) in favor of (R)-19. The opposite pathway WT — B — A was also success-
ful, leading to variant 167A/P440Y/A442V/L4431 with 94% ee (R). Overoxidation
with formation of the sulfone 20 occurred to only a minimal degree.
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Fig. 3.2 Fitness pathway landscape featuring 24 pathways which by necessity lead from the
(S)-selective WT PAMO to the best (R)-selective mutant ZGZ-2 allowing the formation of (R)-19
[22a]. The green line denotes a typical trajectory lacking any local minima, and the red one a trajec-
tory characterized by at least one local minimum. The upward climb is associated with 3.9 kcal/mol

Complete reversal of enantioselectivity is impressive, because the change in
energy AAG" in going from WT PAMO (90% ee, S) to variant ZGZ-2 (95% ee, R)
amounts to 3.9 Kcal/mol. Deconvolution of this highly (R)-selective quadruple
mutant ZGZ-2 (167Q/P440F/A442N/1.443]) led to the surprising discovery that the
respective single mutants are all (S)-selective: 167Q (69% ee), P440F (97% ee),
A442N (69% ee), and L4431 (98% ee) [22a]. If these four (S)-selective single
mutants had been generated separately by other means, few researchers would com-
bine them in order to generate the opposite (R)-selectivity! This kind of synergistic
nonadditive effects continues to be observed whenever time and effort are invested
in deconvolution. It is an indication of the efficacy of ISM [17].

Exhaustive deconvolution was performed, meaning the generation of variants
formed by combining the four point mutations in the form of all theoretically pos-
sible double and triple mutants. It allowed a fitness pathway landscape to be con-
structed, comprising 4! =24 experimental pathways which lead from (S)-selective
WT PAMO to (R)-selective variant ZGZ-2 (Fig. 3.2) [22a]. Six of the 24 pathways
have no local minima along the respective trajectories, meaning the absence of
libraries which contain no variants with improved enantioselectivity. Eighteen path-
ways are characterized by at least one local minimum along the evolutionary trajec-
tory. Analysis of the intermediate stages of all 24 pathways revealed strong
cooperative mutational effects. Thus, much can be learned from deconvolution stud-
ies of this kind. In combination with MD/docking computations, they throw light on
the origin of stereoselectivity while also illuminating the efficacy of ISM. It should
be noted that this type of “constrained” fitness landscape [22a, 45] is different from
constructing all theoretically possible pathways of an ISM scheme, as was imple-
mented experimentally in the case of a four-site ISM system with 24 pathways [46].
The latter has been termed “unconstrained” fitness pathway landscape [17, 46], in
which every trajectory leads to a different result (see Sect. 3.5).
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3.4 Lipases and Esterases

Directed evolution has been extensively applied to lipases and esterases in order to
manipulate stereoselectivity, substrate scope, and activity [3]. As delineated in the
Introduction, the lipase from Pseudomonas aeruginosa (PAL) is the most systemati-
cally studied stereoselective enzyme in the field of directed evolution. In the final
PAL study [16], which included deconvolution experiments, ISM was applied to the
original model reaction involving the hydrolytic kinetic resolution of rac-1 with
preferential formation of (S)-2 (Scheme 3.1). Based on the crystal structure of PAL,
a three-site ISM scheme comprising two-residue CAST sites A, B, and C was con-
sidered. Following exploratory mutagenesis experiments, the best pathway proved
to be WT — B — A which provided the triple mutant 1B2 (Leul62Asn/Metl16Ala/
Leul7Phe) showing a selectivity factor of E=94 (S) and notably enhanced activity:
WT PAL (k,=37x1073 s ko /K,=43.5 s7' M) versus variant 1B2
(ke =1374x1073 871 k o/ K, =4041 s7! M) [16].

This result was achieved in the following way: In the first ISM step, site B
(Leul59/Leul62) was randomized using NNK codon degeneracy, leading to single
mutant Leul62Asn with E=8 (S). It was employed as the template for DNT-based
saturation mutagenesis at site A (Met16/Leul7), which like NDT involves 12 amino
acids as building blocks. The ISM pathway is illustrated in Scheme 3.13 [16].

Scheme 3.13 seems to suggest that the second mutational introduction, Met16Ala/
Leul7Phe, contributes most to the overall result. However, this assumes classical
mutational additivity [17]. Therefore, deconvolution was performed by generating
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Scheme 3.14 Model compounds used in the directed evolution study of CALA-catalyzed hydro-
lytic kinetic resolution [21b]

the double mutant Metl6Ala/Leul7Phe and testing it in the model reaction.
Surprisingly, it proved to be a poor catalyst with E=2.6 (S). Thus, a strong coopera-
tive mutational effect is operating. An MD/docking analysis uncovered the molecu-
lar basis of this epistatic synergism. It involves the creation of an extended H-bond
network as a consequence of the interaction of Leul62Asn in concert with
Metl6Ala/Leul7Phe [16].

This study required the screening of less than 10,000 transformants at a time
when subsequent optimization of saturation mutagenesis strategies and techniques
such as triple code saturation mutagenesis (TCSM) [22b, c] were not yet available.
It is likely that TCSM as applied to PAL would require even less screening.

PAL served as a useful model system to test various mutagenesis strategies in a
comparative manner. However, for several reasons, it is not likely to become a lipase
of practical utility in organic chemistry. The situation is very different in the case of
Candida antarctica lipase B (CALB), one of the most popular enzymes in bioca-
talysis [1]. It has been employed in ISM-based directed evolution in order to expand
substrate scope and to invert enantioselectivity [47].

The homolog CALA has also been subjected to ISM-based directed evolution in
order to accept chiral phenyl-substituted carboxylic acid esters [48], but the bulkier
analogs of the ibuprofen type were not accepted. Therefore, a different strategy was
tested following strategy 2 (Scheme 3.3). The plan was to use a single amino acid as
building block (in addition to WT) at most of the positions of a nine-residue site in
a single mutagenesis experiment [21b]. The hydrolytic kinetic resolution of rac-21
was chosen for screening, and racemic esters 22—-24 were also tested following the
mutagenesis experiments (Scheme 3.14). The goal was enhancing activity and
enantioselectivity while minimizing screening.

All experiments began with the use of the triple mutant F149Y/I150N/F233G as
template, obtained in the earlier ISM-based study [48]. Substrate 21 was docked into
the CALA binding pocket in the oxyanion form (tetrahedral intermediate at Ser184),
leading to the identification of nine residues at the acyl binding region: positions 149,
150, 215, 221, 225, 233, 234, 237, and 431 (Fig. 3.3) [21b]. Other residues near this
large CAST site were not considered because they are highly conserved as shown by
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Fig.3.3 View of CALA binding pocket harboring covalently bound substrate 21 as an oxyanion
[21b]. Nine CAST residues with the respective reduced amino acid alphabet(s) used in saturation
mutagenesis are shown, the original WT amino acids being underlined

~——Ser184

an alignment analysis. In view of the PAMO study [40], this would not necessarily
be mandatory. Structure-based decisions were made regarding the different reduced
amino acid alphabets at the nine randomization positions.

Substrate 21 is sterically so demanding that it is not accepted by the triple mutant
with acceptable rate. Thus, small amino acids were mostly chosen for saturation
mutagenesis. In the earlier CALA study [48], mutations Phe149Tyr and Ile150Asn
had been shown to be important for high enantioselectivity toward similar sub-
strates. Therefore, at these positions, Tyr and Asn were chosen as the respective
building blocks (Table 3.4) [21b]. At position 233, three amino acids were employed
(in addition to WT). A certain degree of intuition was involved in some of the
decisions.

A single highly condensed library was created using appropriately designed
primers, followed by screening about 2400 transformants in the model reaction of
rac-21 (=90% library coverage). Only a few variants proved to be active toward
substrate rac-21 [21b]. The best hit was a penta-substituted variant Thr221Ser/
Leu225Val/Phe233Cys/Gly237Ala/Phe431Val in which four different amino acids
were introduced at five different positions. It shows high (§)-stereoselectivity
(E=100). This and other CALA variants were tested in the hydrolytic kinetic reso-
lution of the substrates 21-24, which likewise resulted in acceptable levels of enan-
tioselectivity [21b]. The alternative of applying conventional NNK codon degeneracy
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Table 3.4 Reduced amino acid alphabets Position | WT residue | Alternative residue(s)
used in simultaneous saturation
. . . 149 Phe Tyr
mutagenesis of a nine-residue
randomization site of CALA [21b] 150 Tle Asn
215 Pro Ala
221 Thr Ser
225 Leu Val
233 Phe Cys/Gly/Val
234 Ala Gly
237 Gly Ala
431 Phe Val
(0] O (0]
H H HO,,
Scheme © O/ © OH 2 O/
3.15 Model
hydrolytic kinetic
. —_— +
resolution catalyzed
by mutants of the
esterase RspE [50a] rac-25 (R)-26 (5)-25

encoding all 20 canonical amino acids would have required for 95% library cover-
age the screening of 10 potentially enantioselective transformants. A limited num-
ber of deconvolution experiments revealed cooperative mutational effects. This
suggested that the particular variant would not be accessible by ISM. The same
strategy was later successfully applied to CALA as the catalyst in acylating kinetic
resolution of chiral alcohols [49].

It can be concluded that both approaches to the use of reduced amino acid alpha-
bets are successful, strategy 1 as well as strategy 2 as delineated in Scheme 3.3. It
would be interesting to test strategy 1 using triple code saturation mutagenesis.
Whether such a procedure would also allow reversal of enantioselectivity is cur-
rently a matter of speculation.

Esterases have also been targeted by directed evolution for improving stereose-
lectivity [3], recent studies utilizing various approaches including epPCR alone
[50a], epPCR in combination with saturation mutagenesis [50b], saturation muta-
genesis alone [50c, d], or site-specific mutagenesis in combination with saturation
mutagenesis [50e]. One study is featured here which relied solely on epPCR. The
carboxyl esterase from Rhodobacter sphaeroides (RspE) was subjected to three
recursive rounds of epPCR at low mutation rate, the model reaction being the hydro-
lytic kinetic resolution of methyl mandelate (rac-25) with preferential formation of
the carboxylic acid (R)-26 (Scheme 3.15) [50a]. WT RspE shows a selectivity factor
of E=3.1(R).

In each epPCR cycle, 4000-6000 transformants were screened for activity using
an on-plate pH-dependent color test followed by conventional ee-determination. In
this way, it was possible to boost (R)-selectivity to E=30.3 (Scheme 3.16) [50a].
This study is a new example of iterative epPCR in the successful attempt to evolve
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Scheme 3.16 Hydrolytic kinetic resolution of rac-25 with preferential formation of (R)-26
(Scheme 3.15), catalyzed by RspE mutants which were evolved by recursive epPCR [50a]
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Scheme 3.17 ANEH-catalyzed hydrolytic kinetic resolution used in the construction of a com-
plete four-site ISM system featuring 24 evolutionary pathways [46]

enhanced stereoselectivity of an esterase. Reversal of enantioselectivity was not
reported, but the best mutant in the model reaction showing £=30.3 was used in the
kinetic resolution of structurally related substrates including acetates of chiral alco-
hols with selectivity factors of up to E=92. It would be interesting to see how well
CASTing/ISM would perform in this enzyme system.

3.5 Epoxide Hydrolases

Several recent protein engineering studies of epoxide hydrolases have contributed
to methodology development in laboratory evolution [3f, 5]. The goal of one of
them was the exploration of all 24 pathways of a four-site ISM scheme [46]. To
date, it is the only case of complete exploration of such an ISM system. The hydro-
lytic kinetic resolution of rac-27 was chosen as the model reaction, catalyzed by
mutants of the epoxide hydrolase from Aspergillus niger (ANEH) (Scheme 3.17).
WT is a poor catalyst in this reaction (E=4.6 in slight favor of (5)-28).

Four CAST randomization sites were considered on the basis of the WT ANEH
crystal structure, each comprising two residues. Subsequently all saturation mutagen-
esis libraries were constructed using NDT codon degeneracy encoding 12 amino acids
(Phe, Leu, Ile, Val, Tyr, His, Asn, Asp, Cys, Arg, Ser, and Gly), which is a balanced
“cocktail” of polar/nonpolar, charged/non-charged, hydrophobic/non-hydrophobic,
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and aromatic/nonaromatic amino acids as building blocks. All 24 pathways provided
in the final saturation mutagenesis rounds notably improved variants characterized by
different sequences [46]. Some pathways proved to be more productive than others.
The 12 best pathways resulting in selectivity factors in the range E=78-159 are shown
in Scheme 3.18a; the 12 pathways leading to the least improved variants (E=28-78)
are pictured in Scheme 3.18b. These results suggest that if the researcher is faced with
the question of choosing an appropriate ISM pathway, an arbitrary choice has a high
probability of providing improved variants. This explains why in essentially all ISM
studies reported thus far arbitrarily chosen pathways led to notably improved variants
[5]. Nevertheless, superior variants may have been missed. It can therefore be con-
cluded that ISM systems should be designed in a way that involves less pathways and
therefore less mutant libraries, which correlates with a lower number of decisions for
the researcher to make. Indeed, methodology development since the publication of
this study has focused, inter alia, on step-economy [21, 22].

Noteworthy is another feature of the experimental results collected in Scheme
3.18. In several ISM pathways, libraries occurred which failed to harbor any
improved variants. This phenomenon signals a local minimum in the fitness land-
scape. Such “dead ends” may occur in any directed evolution project irrespective of
the mutagenesis method [3]. In the present case, ISM was not abandoned, but an
inferior mutant was used as the template in the subsequent saturation mutagenesis
experiment at the next randomization site. This trick led to notably improved
mutants. This unique way of escaping from a local minimum is reminiscent of neu-
tral drift [4d, 51] or the Eigen concept of quasi-species [52a]. The latter has been
invoked occasionally in directed evolution studies [52b].

Maximal step-economy would involve the generation of a single saturation
mutagenesis library, which should be small and ideally harbor both (R)- and (S)-
selective mutants. If the degree of stereoselectivity should not be fully satisfactory,
one ISM round could then be undertaken for fine-tuning. Along these lines, the
directed evolution of a different epoxide hydrolase was reported recently, namely,
limonene epoxide hydrolase (LEH) as the catalyst in the model hydrolytic desym-
metrization of cyclohexene oxide (29) with formation of (R,R)- and (S,S)-30
(Scheme 3.19) [21a]. WT LEH shows poor enantioselectivity with minimal prefer-
ence for (S,5)-30, the enantiomeric ratio (er) amounting to a mere 48:52 (4% ee).

Based on the crystal structure of WT LEH, ten CAST residues were identified for
saturation mutagenesis (Leu74, Phe75, Met78, 11e80, Leul03, Leull4, Ilel16,
Phe134, Phel39, and Leul47) [21a]. Tyr53 activates the substrate by forming an
H-bond to the epoxide O-atom, Aspl01 being mainly responsible for positioning
water which initiates the rate-determining Sy2 reaction with ring opening.

Saturation mutagenesis using NNK codon degeneracy (20-amino-acid alphabet)
or NDT codon degeneracy (12-amino-acid alphabet) would require the screening of
about 10" or 10" transformants for 95% coverage, respectively. The use the small-
est amino acid alphabet, a single amino acid, would call for only ~3000 transfor-
mants. This would reduce structural diversity dramatically, suggesting that such a
strategy would fail. Nevertheless, it could be successful if the right decision is made
concerning the choice of the amino acid. Such an approach constitutes single codon
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Scheme 3.18 Experimental exploration of a complete 24-pathway ISM system involving the
ANEH-catalyzed hydrolytic kinetic resolution of rac-27 (Scheme 3.17) [46]. (a) Portion of the
24-pathway ISM scheme featuring the 12 most productive pathways leading to ANEH variants
displaying E=78-159 (S); (b) portion of the 24-pathway ISM scheme showing the 12 least pro-
ductive pathways providing ANEH variants with E=28-78 (5)
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Scheme 3.19 Hydrolytic desymmetrization catalyzed by LEH mutants evolved by applying
single codon saturation mutagenesis (SCSM) [21a] and more recently using triple codon saturation
mutagenesis (TCSM) [22b]
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Scheme 3.20 Results of generating one single codon saturation mutagenesis (SCSM) library on
the basis of valine as the sole building block, hydrolytic desymmetrization of cyclohexene oxide
(29) serving as the model reaction [21a]

saturation mutagenesis (SCSM) as part of strategy 1 in Scheme 3.3 and was first
tested in the directed evolution of LEH [21a]. In doing so, the choice of the single
building block was crucial. The crystal structure of LEH reveals that most of the
amino acids surrounding the binding pocket are hydrophobic. Therefore, valine,
having a hydrophobic and sterically demanding side chain, was chosen as the small-
est reduced amino acid alphabet for SCSM in a single saturation mutagenesis exper-
iment at the ten-residue site. The results following the screening of about 3200
transformants are shown in Scheme 3.20.

It can be seen that both (R,R)- and (S,S)-selective occur in one and the same small
but high-quality library. The number of introduced valines ranges between two and
five, depending upon the particular variant. In a single ISM step, fine-tuning was
performed, boosting the enantiomeric ratio to 98:2 (96% ee). Crystal structures of
the variants with and without product in combination with MD/docking computa-
tions uncovered the origin of stereoselectivity [21a]. In a control experiment, the use
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Scheme 3.21 The results of triple code saturation mutagenesis (TCSM) when applied to LEH as
the catalyst in the hydrolytic desymmetrization of cyclohexene oxide (29) [22b]

of serine failed completely, which supports the original hypothesis regarding the
successful choice of valine.

Single code saturation mutagenesis cannot be expected to be general. Therefore,
triple code saturation mutagenesis (TCSM) was developed [22b, c]. A reduced
amino acid alphabet of three members at a ten-residue randomization site would
require for 95% library coverage excessive screening. Therefore, if so many CAST
residues are chosen, they need to be grouped into smaller randomization sites. As
part of strategy 1 (Scheme 3.3), this approach was first tested with LEH as the cata-
lyst in the same model reaction involving the desymmetrization of epoxide 29
(Scheme 3.19). The ten previously identified CAST residues were grouped into
three randomization sites: (A) (V83/L114/1116), (B) (L74/M78/L147), and (C)
(M32/L.35/L.103) [22b].

By considering the crystal structure of LEH, it was logical to test valine, phenyl-
alanine, and tyrosine as the reduced amino acid alphabet in TCSM, even if the previ-
ous saturation mutagenesis experiments using these amino acids as building blocks
had not been performed. The V-F-Y triple code was applied to the three randomiza-
tion sites A, B, and C in separate experiments, requiring for 95% library coverage
the screening of only 576, 192, and 192 transformants, respectively. The best results
were obtained in library A (Scheme 3.21). As before, one and the same library har-
bors both (R,R)- and (S,S)-selective variants, but this time much better results were
obtained. (S,S)-selectivity amounts to 96-99% ee in three different variants, while
the best (R,R)-mutant results in 89% ee which was boosted to 97% ee by ISM. X-ray
structures of selected mutants, MD/docking computations, and kinetic data were
reported, which shed light on the origin of mutational effects [22b].

3.6 Transaminase

Transaminases are enzymes that catalyze the reductive amination of prochiral
ketones with formation of the respective chiral primary amines [1]. An impressive
industrial example of directed evolution was reported by Codexis, specifically in the
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Scheme 3.22 Asymmetric reductive amination with formation of the antidiabetic therapeutic
drug sitagliptin (R)-32, catalyzed by mutants of transaminase ATA-117 [53]

asymmetric reductive amination of ketone 31 with formation of the antidiabetic
drug sitagliptin (32) (Scheme 3.22) [53].

The transaminase ATA-117 was chosen as the enzyme, which is related to the
structurally well-characterized homolog from Arthrobacter sp. Both were known to
be (R)-selective in the reductive amination of methyl ketones and small cyclic
ketones. ATA-117 proved to be (R)-selective in the desired reaction as well, but
activity was extremely low [53]. Thus, the goal was to enhance activity while main-
taining stereoselectivity. At the beginning of the project, the industrial researchers
did not use the “real” substrate 31, but first resorted to in vitro coevolution which
means testing simpler but still structurally related compounds (substrate walking)
[54]. With the help of a homology model of ATA-117, docking computations were
carried out which allowed reasonable choices for randomizing sites lining the bind-
ing pocket (CAST sites). NNK-based saturation mutagenesis led to variant S223P
with an 11-fold increase in activity in the reaction of a simplified model ketone. The
mutant was then employed as a template for ISM experiments using the “real” sub-
strate 31 [53]. Docking computations indicated that the trifluoromethyl group inter-
acts with residues V69, F122, T283, and A284. Therefore, four NNK-based
saturation mutagenesis libraries were generated separately at these four positions.
Moreover, a combinatorial library using several residues simultaneously was cre-
ated. The combinatorial library harbored an active variant characterized by four
point mutations lining “small” and “large” parts of the binding pocket. Double
mutants F1221/V69G, F1221/A284G, F122V/V69G, F122V/A284G, F122L/V69G,
and F1221/A284G were the best hits. They all contain the parent mutation
S223P. Activity was still quite low, yet without point mutation S223P, no activity
whatsoever resulted, as shown by a deconvolution experiment.

The gene of the most active variant was then used as the parent for the next round
of ISM, followed by combining the beneficial mutations from the small-pocket and
large-pocket saturation mutagenesis libraries. This provided a variant with 12 point
mutations and a 75-fold increase in activity. Subsequently, 11 additional rounds of
mutagenesis/screening were performed using DNA shuffling, epPCR, rational
design, and saturation mutagenesis at second-sphere sites. Process development
was also performed in parallel. A total of 36,480 transformants were screened using
an LC/MS/MS screen. The best variant was shown to have 27 point mutations. In
50% DMSO, this catalyst converts 200 g/L of the prositagliptin ketone 31 to sita-
gliptin (32) with >99.95% ee (R) [53].
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The catalytic performance of the best ATA-117 variant under operating condi-
tions underscores the success of the project. However, it is difficult to assess the
efficacy of the applied mutagenesis approach. It is not clear whether the order of the
mutagenesis cycles in the overall multistep process was actually planned or whether
corrections in the strategy had to be undertaken. Why were the particular mutagen-
esis events chosen in the reported order?

3.7 Alternative Mutagenesis Approaches

As noted in the Introduction, such mutagenesis techniques such as epPCR or DNA
shuffling can also be applied in order to manipulate the stereoselectivity of enzymes [3,
5, 10], but in several comparative studies, these have been shown to be less efficient
[16, 18]. Nevertheless, following several cycles of saturation mutagenesis, it may be
useful to add one round of epPCR for activity enhancement [26]. Other approaches
such as neutral drift [4d, 51], domain swapping [55], and circular permutation [56]
likewise deserve mention, but these strategies have not been applied very often to the
evolution of stereoselectivity. Neutral drift can be used for identifying superior starting
points for protein engineering by exploring accessible sequence space on the basis of
recursive cycles of (random) mutagenesis and screening or selection. The technique
identifies accumulating mutations which are neutral for the native function but which
may prove to be useful for novel catalytic profiles. An example is the evolution of pro-
miscuity by turning a B-glucuronidase into a 3-galactosidase [S1c].

Domain swapping was originally used in the study of natural evolution and for
addressing mechanistic questions in protein science, but it has also been applied
occasionally in directed evolution [3, 55]. For example, a glycosyltransferase was
engineered for different substrate specificity [S5b]. However, it is not well suited for
enhancing or inverting stereoselectivity. A special form of this technique is circular
permutation in which the N- and C-termini of an enzyme are relocated [56]. A semi-
nal example concerns the engineering of enhanced activity of the lipase from
Candida antarctica (CALB) [56a, b]. New locations of the N- and C-termini in WT
CALB were designed to occur at positions 282 and 283 in hope of influencing local
backbone flexibility and perhaps active site accessibility. Indeed, this led to higher
activity [56b], but enantioselectivity was not addressed at the time nor in a subse-
quent review [56a].

Conclusions and Perspectives
This chapter provides a summary of the most important recent methodological
developments in the directed evolution of stereoselective enzymes as catalysts in
synthetic organic chemistry and biotechnology. Rather than being comprehen-
sive, five different types of enzymes were chosen which illustrate important
recent advances in strategies and methods.

It can safely be concluded that structure-guided saturation mutagenesis at
sites in vicinity of the active site (CASTing) is a distinctly logical approach to
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reshape the bonding pockets of enzymes in the quest to manipulate stereoselec-
tivity, substrate scope, and activity. The use of reduced amino acid alphabets at
relatively large CAST randomization sites has emerged as the preferred strategy,
allowing for the creation of small yet high-quality mutant libraries requiring less
screening than in the past. In this respect, triple code saturation mutagenesis
(TCSM) appears to be an optimal compromise between limited structural diver-
sity and screening effort (bottleneck of directed evolution). TCSM allows for
step-economy, since initial mutant libraries already contain notably improved
(R)- as well as (S)-variants. If needed, further tuning is possible by iterative satu-
ration mutagenesis (ISM). It has been demonstrated that it is better to strive for
higher library coverage at reduced structural diversity regarding the chosen
amino acid alphabet rather to maintain maximum structural diversity using NNK
codon degeneracy at the same screening effort correlating with considerably
lower library coverage [13a].

One of the remaining fundamental challenges in directed evolution is the
development of a general guide for optimizing more than one or two enzyme
parameters, e.g., stereo-/regioselectivity, substrate scope, rate, and thermostabil-
ity. Efforts are underway in several laboratories.
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