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Directed evolution of enantioselective enzymes as catalysts in
synthetic organic chemistry has emerged as a fundamentally
new and useful approach to asymmetric catalysis.[1] It is based
on earlier contributions by molecular biologists, biochemists,
and biotechnologists who developed efficient random-gene
mutagenesis methods, expression systems, and enzyme assays
in the quest to enhance the stability and/or activity of
enzymes.[2] By passing through at least two cycles of muta-
genesis/screening,[3] Darwinistic character is introduced which
forms the general basis of directed evolution. Therein, we first
developed high-throughput ee assays[4] and applied them in
the evolution of active and enantioselective mutants of
lipases,[5] monooxygenases,[6] and epoxide hydolases.[7] Other
researchers[8] have also contributed to this new area of
asymmetric catalysis. Most directed evolution studies either
begin with one or more cycles of error-prone polymerase
chain reactions (epPCRs)[9] to introduce more or less random

mutations that cover the whole gene (and thus enzyme) or a
recombinant method such as DNA shuffling[10] is applied.

More recently, the utility of generating focused libraries of
mutants that result from amino acid randomization at defined
positions in the enzyme, has started to be explored.[2, 5c,11] For
example, in the case of the directed evolution of enantiose-
lective lipases, we generated a focused library through the
simultaneous randomization of four amino acids located
adjacent to the binding pocket.[5c] In the quest to enhance
enzyme activity, other groups have created focused libraries
through the randomization of two, three, four, or more amino
acids near the binding site,[11] as in the case of chorismate
mutases.[11a]

In another study, systematic saturation mutagenesis at
every-single position of the Bacillus subtilis lipase, which is
composed of 181 amino acids, was considered, thereby
generating 181 focused libraries for the purpose of finding
enantioselective mutants.[12] This idea was developed inde-
pendently by scientists at Diversa (USA), who were able to
produce highly enantioselective nitrilases by this method.[13]

Such saturation mutagenesis can be restricted to selected
positions near the active site,[14] thereby lowering the screen-
ing effort (although restricting catalyst diversity). Other
focused libraries,[2,11] such as those of binary patterning,[11a,b]

are also useful tools. Although these strategies lead to
improved enzymes, they are not evolutionary in nature
unless at least one further round of mutagenesis/screening
follows. In many, if not most, practical cases this may be
necessary. Efficiency in scanning larger parts of the protein-
sequence space with the generation of high-quality libraries is
therefore mandatory.[15] It minimizes the undesired formation
of inferior (e.g., inactive) enzyme mutants and thus reduces
the overall screening effort, which can be substantial in the
case of enantioselectivity.[4]

Recently, we introduced a practical method in directed
evolution called a combinatorial active site saturation test
(CAST). CASTwas originally developed with the purpose of
expanding the range of substrate acceptance of an enzyme.[16]

Based on the 3D structure of the enzyme, two or three amino
acids, whose side chains reside next to the binding pocket, are
identified and the respective positions are then randomized
simultaneously with the creation of relatively small libraries
of mutants. Through the use of this method, it was possible to
obtain mutant lipases that catalyze the hydrolysis of esters
derived from sterically demanding acids that are normally not
at all accepted as substrates.[16] CASTing thus means the
systematic design and screening of focused libraries around
the complete binding pocket. Owing to the fact that two or
three amino acids (rather than just one[12–14]) are simulta-
neously randomized at each site, high catalyst diversity is
possible, therefore theoretically allowing the possibility of
cooperative effects. The method is a useful alternative to
epPCR as the starting point of directed evolution studies.
However, it is not, in itself, an evolutionary process because
only the initial libraries are considered. In our original
paper,[16] we suggested that, for future work, Darwinistic
character, which is central to directed evolution,[1,2, 10,11,15] can
be introduced through the performance of further rounds of
mutagenesis/screening. This can be performed by using any
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one of the conventional methods, such as epPCR or DNA
shuffling after CASTing, which may lead to remote
effects.[1,17] As an alternative, we herein propose iterative
cycles of CASTing. Consider, for example, an enzyme for
which the CASTanalysis requires four randomization sites A,
B, C, and D. At each site, two or three amino acid positions
are randomized simultaneously depending on the CAST
analysis. Following the generation and screening of the four
respective initial libraries, the gene of each hit is then used as
a template for the second round of CASTing. In each case,
only two libraries are necessary, for example, the gene of the
best mutant arising from A is used as a template for
randomization at sites B and C, etc. (Figure 1). In practice,
not all branches of this confined protein-sequence space need
to be considered, nor is complete over-sampling absolutely
mandatory.

The concept of CASTing is illustrated herein with the
directed evolution of enantioselective mutants of the epoxide
hydrolase from Aspergillus niger (ANEH)[18–20] as catalysts in
the hydrolytic kinetic resolution of the glycidyl ether 1 with
formation of diols (R)- and (S)-2. The wild-type enzyme (WT-
ANEH) catalyzes this reaction with a low selectivity factor
(E= 4.6) in favor of (S)-2 [Eq. (1)]. In previous work, the

enantioselectivity in this reaction was increased toE= 10.8 by
screening several libraries produced by epPCR at different
mutation rates (the number of total clones amounted to
20000).[7a] The ee screening was performed through the
application of our previously described MS-based system[21]

following a pre-screen[22] to identify the active clones. In the
present study, we employed an improved expression system in
E. coli,[7b] adapted the MS screen, and used an efficient pre-
selection system for the elimination of inactive clones.[23]

The X-ray crystal structure[24] of the WT-ANEH reveals,
amongst other things, a narrow hydrophobic tunnel as the

substrate binding site.[25] The catalytically active triad, the
tyrosines 251 and 314 (bind and activate the epoxide through
H-bonds), and aspartate 192 (acts as the nucleophile in the
rate-determining step) are located in and around the
tunnel.[24] Inspection of the 3D structure suggests the creation
of six CAST libraries[26] to be produced separately by
randomization at sites 193/195/196 (A), 215/217/219 (B),
329/330 (C), 349/350 (D), 317/318 (E), and 244/245/249 (F)
(Figure 2).

We have previously pointed out that for 95% coverage of
a CAST library resulting from the simultaneous random-
ization at two (or three) amino acid positions, an excess of
about 3000 (or 98000, respectively) clones needs to be
screened.[16,27] However, one can settle for a lower degree of
over-sampling and still be successful;[28] we have made these
and other compromises in the present study. Experimentally,
we began by subjecting the WT-ANEH to CASTing with
generation of CAST libraries at sites A, B, and C, that is, in
three separate experiments, positions 193/195/196, 215/217/
219, and 329/330, respectively, were randomized. As shown in
Table 1, no enhancement in enantioselectivity was observed
in any of the mutants screened in the libraries that originated
from the randomization of sites A or C. In contrast, several
markedly improved mutants were discovered in the CAST
library produced by randomization at positions 215/217/219
(site B). Therefore, the decision was made to continue the
evolutionary process on this branch and not to consider, at
this point, CAST libraries that potentially originate by
randomization at sites D, E, and F, separately. One of the
best mutants created by randomizing at site B (215/217/219)
by using the WT gene, variant LW081, characterized by the
three mutations L215F, A217N, and R219S, leads to an
E value[29] of 14. This is similar to the structurally related and
equally selective mutant LW080 (Table 1). Three other
mutants appear to be more active because they showed
higher conversions after shorter reaction times,[30] however,
they were seen to be less stereoselective.

The mutant gene that corresponds to enzyme LW081 was
then used as a template for a second cycle of CASTing,
specifically by (arbitrarily) focusing on positions 329/330 (site
C). Substantial improvements in enantioselectivity were
observed with mutant LW086 (E= 21) being the best
enzyme (Table 1). Mutant LW086 is characterized by two
additional mutational changes of M329P and L330Y. Before
continuing the ascent in enantioselectivity, it was of interest to
perform CASTing with one of the mutant genes that encodes
an enzyme displaying enhanced activity[30] but not improved
enantioselectivity. For this purpose, gene LW037 (Table 1)
was subjected to randomization at positions 329/330 with the
creation of a new library. However, no substantially improved
mutants were found (Table 1).

We then refocused our attention on mutant LW086 and
used the corresponding gene in another cycle of CASTing.
This time, positions 349/350 (site D) were chosen for
simultaneous randomization. The best mutant was LW123
with one new mutational change C350V (E= 24). At this
point, two different decisions for further evolutionary opti-
mization appeared plausible: use of the same gene (LW086)
for randomization at the other sites of the enzyme (A, B, C, E,

Figure 1. Schematic illustration of iterative CASTing involving (as an
example) four randomization sites A, B, C, and D: Confined protein-
sequence space for evolutionary enzyme optimization (redundancy in
some cases is expected).

Angewandte
Chemie

1237Angew. Chem. Int. Ed. 2006, 45, 1236 –1241 � 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org

http://www.angewandte.org


and/or F), or continuation of optimization with LW123.
Herein we chose the latter, and created two new CAST
libraries by using the LW123 gene as the template and

focusing on sites E and F. This led to mutants LW126 (E= 49)
and LW144 (E= 35) as shown in Table 1 and Figure 3.

Upon subjection of the gene LW126 to two separate and
independent rounds of CASTing at positions 193/195/196 (site
A) and 244/245/249 (site F), no substantial improvements in
enantioselectivity were observed. Parallel to these efforts and
before examining other positions, such as those defined by B,
C, or D, gene LW144 was used as the template for CASTing in
a different branch of the protein-sequence space. Random-
ization at positions 317/318 (site E) resulted in the identifi-
cation of the, to date, most enantioselective mutant LW202,
which shows a selectivity factor of E= 115� 10 (Table 1 and
Figure 3). This corresponds to a 25-fold increase in enantio-
selectivity relative to the WT, which therefore shows that
iterative CASTing is an efficient way to engineer the ANEH
tunnel. Sequencing revealed the presence of two new
mutations, T317W and T318V. This means that the best
enzyme variant (LW202) is characterized by a total of nine
mutational changes (L215F, A217N, R219S, L249Y, T317W,
T318V, M329P, L330Y, and C350V). At this stage we refrain
from speculating about the origin of enhanced enantioselec-
tivity. Before any sound conclusions can be made, isolation of
mutant LW202 in its pure form is necessary, as are kinetic and
detailed theoretical studies. Moreover, the question whether
all nine mutational changes in the best mutant LW202 are
actually necessary for high enantioselectivity needs to be
addressed systematically. An initial experiment points to a

Figure 2. CASTing of the epoxide hydrolase from Aspergillus niger
(ANEH) based on the X-ray crystal structure of the WT.[24] Top: Defined
randomization sites A–E; Bottom: Top view of tunnel-like binding
pocket showing sites A–E (blue) and the catalytically active Asp192
(red).

Figure 3. Iterative CASTing in the evolution of enantioselective epoxide
hydrolases as catalysts in the hydrolytic kinetic resolution of rac-1.
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substantial cooperative effect in at least one case. This
concerns mutation C350V, introduced in mutant LW086,
which raises the E value from 21 to (only) 24 (Figure 3;
Table 1). We discovered that upon reintroduction of cysteine
at position 350 in the final mutant LW202, enantioselectivity
drops sharply from E= 115 to E= 60. This means that
mutation C350V introduced in the early phase of the evolu-
tionary process plays a significant role in the final mutant
LW202. The mechanism of this cooperative effect needs to be
studied in the future.

The present results were obtained by screening a total of
only 20000 clones. This is about the same number of clones
previously screened when using epPCR (at different mutation
rates) as the method for library formation,[7a] yet the results of
the two approaches are dramatically different (E= 115 versus
E= 10.8). In iterative CASTing, the lower numbers of
screened mutants are linked with higher numbers of libraries
which need to be created. However, the latter is not the
bottleneck, because a library of ANEH mutants can be
generated in one day. It is likely that if iterative CASTing
were to be performed more extensively to cover more of the
focused branches of the confined protein-sequence space
(Figure 1), even more hits would be discovered. For practical
purposes this is not necessary, although we plan to do so for
theoretical reasons. We anticipate that iterative CASTing[31]

may also be useful when attempting to evolve other enzyme
properties such as enhanced activity and/or broadened
substrate acceptance.[16,32]
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mutations

E[e] No.
mutants
screened

% active
mutants

I A

WT-ANEH

No substantial improvements 4000 38

B

LW081 60 34 80 44 L215F A217N R219S 14

2200 25
LW080 60 34 81 45 L215F A217N R219T 14
LW037 10 42 53 40 R219T 5
LW041 10 34 61 32 A217P R219H 6
LW044 10 44 49 39 R219M 4

9>>>>>=
>>>>>;

C No substantial improvements 500 44

II

C
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LW037
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9>>>=
>>>;

D LW086
LW123 60 50 84 72 C350V 24

2200 6LW122 60 27 85 27 L349V C350V 16
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9=
;

E LW123

LW126 60 47 89 86 T318N 49
1600 66LW127 60 56 74 99 T317F T318N 34

LW142 30 61 59 100 T317I T318L 35
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;
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A LW126 No substantial improvements 3100 4
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[a] CASTing performed as a means to evolve enantioselective epoxide hydrolases as catalysts in the hydrolytic kinetic resolution of rac-1. [b] tr=
reaction time. [c] eep=enantioselectivity of the product. [d] ees=enantiopurity of the substrate. [e] E=enantioselectivity of the reaction.
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