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Abstract: The development of chiral catalysts for use in synthetic organic chemistry is traditionally associated with
progress in asymmetric transition metal catalysis or organocatalysis. In addition to these options chemists have
employed enzymes for a number of asymmetric transformations for a long time. However, limited substrate accep-
tance and insufficient enantioselectivity are the crucial factors which prevent the general exploitation of biocatalysis
in organic chemistry. In order to solve this long-standing problem, we proposed some time ago the concept of
directed evolution of enantioselective enzymes. This report constitutes a short overview of the principle involved,
together with a description of the first examples and the illumination of the present and future challenges.
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In the 1990s we proposed a fundamental-
ly new approach to asymmetric catalysis,
namely the directed evolution of enantiose-
lective enzymes for application in synthetic
organic chemistry.ll It makes use of the
known molecular biological methods that
had previously been developed for improv-
ing thermostability and stability of enzymes
toward hostile organic solvents.l?! Our ap-
proach is therefore based on the appropriate
combination of random gene mutagenesis,
expression and high-throughput screening
to assess thousands of samples for enantio-
purity (Fig 1).013]

Whenever the natural (wild-type, WT)
enzyme shows an unacceptably low enan-
tiomeric excess (ee) or selectivity factor
(E-value) for a given transformation of in-
terest, a library of mutants is created from
which the most enantioselective mutant is
identified. Following isolation of the cor-
responding mutant gene, the process is re-
peated which exerts evolutionary pressure
on the system. Typically, 1000 to 10,000
clones make up a given library, but this can
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Fig. 1. Strategy for directed evolution of an enantioselective enzymel'l

be more. Experimentally, in each cycle the
library of mutant genes is first inserted in a
standard bacterial host such as Escherichia
coli. Then bacterial colonies are plated out
on agar plates and harvested individually
by a colony picker. Each colony is placed
robotically in a separate well of a microtiter
plate containing nutrient broth, so that the

bacteria grow and produce the protein of in-
terest. Because each colony originates from
a single cell, mixtures of mutant enzymes
are avoided (of course, other proteins are
present which do not disturb the evolution-
ary process). A portion of each mutant en-
zyme occurring in the harvested bacterial
colony is then placed on a different micro-
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Fig. 2. The experimental stages of directed evolution of enantioselective enzymes!'!

titer plate where the reaction of interest oc-
curs (Fig. 2).

In the extreme case knowledge of the
structure of the enzyme or of its mechanism
is not necessary, yet enhanced enantioselec-
tivity can be expected! Thus, in contrast to
so-called de novo design of enzymes using
site-specific mutagenesis,! our approach
ignores any thoughts regarding steric or
electronic effects, possible hydrogen bonds,
etc. Nevertheless, it is also logical, specifi-
cally in a different sense because it relies
on the Darwinistic character of the overall
process. Where are therefore the intellec-
tual challenges in putting Fig. 2 into prac-
tice? On the one hand the development of
efficient high-throughput ee-assays poses a
formidable problem. We and subsequently
other groups have invested a great deal of
efforts in designing and experimentally im-
plementing such screening systems. This
crucial aspect of directed evolution of enan-
tioselective enzymes has been reviewed
elsewhere and will not be detailed here.l!
Suffice it to say that today’s medium- and
high-throughput ee-screens allow between
400 and 8,000 samples to be analyzed for
enantiopurity per day.

Crucial for success is also the choice
of the mutagenesis method, specifically
the design of a strategy to probe protein
sequence space most efficiently. Actually,
any mutagenesis method can be expected
to generate more or less improved mutants,
and in fact in our early work we strived
simply for proof-of-concept, which was
achieved.!'2l Shortly thereafter it became
clear that the most important challenge re-
volves around the question of how to probe
protein sequence space so efficiently that
the experimental molecular biological work
and the screening effort can be minimized
while maximizing the benefits (especially
enantioselectivity).lle-]

The most important random gene mu-
tagenesis methods at the time of our first
directed evolution project were error-prone
polymerase chain reaction (epPCR), satura-
tion mutagenesis and DNA shuffling.?! The
most often used method, epPCR, introduces
mutations more or less randomly over the
whole enzyme (although it is not truly ran-
dom due to the degeneracy of the genetic
code). Saturation mutagenesis induces the

randomization of amino acids at a given
position in the enzyme or simultaneously
at two, three or more amino acid positions.
These were the methods that we employed
in our initial project which concerned the
Pseudomonas aeruginosa lipase(PAL)-cat-
alyzed hydrolytic kinetic resolution of rac-
1 (Scheme 1). The WT shows a slight pref-
erence for the (S)-enantiomer (E = 1.2).

Following four rounds of epPCR at low
mutation rate averaging one amino acid ex-
change per enzyme molecule, the E-value
climbed stepwise to 11.3,!"a which consti-
tutes the first example of directed evolution
of an enantioselective enzyme. However, it
was obvious at the time that this strategy
is not optimal. We therefore suggested the
idea that the identified mutations are sen-
sitive positions (hot spots), but that the
particular amino acids found there are not
optimal, leading to the conclusion that sat-
uration mutagenesis at the hot spots could
generate even better mutants. This turned
out to be so, but not in all cases. Moreover,
DNA shuffling of mutants obtained using
epPCR at high mutation rate (three amino
acid exchanges per enzyme molecule) also
proved to be effective. This research not on-
ly culminated in the best mutant (£ = 51),©!
it also allowed for certain conclusions re-
garding improved strategies for exploring
protein sequence space. These efforts are
summarized in Fig. 3. Moreover, the best
mutant with six mutations, five of which
are remote, was analyzed theoretically
(MM/QM) which led to the proposal of an
intriguing relay mechanism.!”!

The lessons learned from these studies
were then used as a guide in the directed
evolution of enantioselective monooxy-
genases such as cyclohexanone monooxy-
genase as catalysts in Baeyer-Villiger reac-
tions (ee = 90-99%)'8! and sulfoxidation of
thio-ethers (ee = 95-99%).1! Reversal of

CHIMIA 2007, 67, No. 3

enantioselectivity was achieved in several
cases.[3-101 Moreover, other academic and
industrial groups have picked up the gen-
eral concept (Figs 1 and 2) and evolved a
number of highly enantioselective enzymes
for their particular purpose, including es-
terases, aldolases, hydantoinases, nitri-
lases, phosphotriesterases, and monoamine
oxidases.!1]

Despite these success stories, we were
not fully content with the strategies that
were being used to evolve enantioselectiv-
ity, because in most cases a time-consum-
ing overall process was necessary,'9 as
in most other directed evolution studies./?!
Fast directed evolution seemed necessary,
especially from an industrial viewpoint.
We therefore developed a method called It-
erative Saturation Mutagenesis (ISM),!!1-12]
which indeed appears to be exceptionally
efficient because it reduces the experi-
mental molecular biological work and the
screening effort drastically while providing
even better results. This type of ‘accelerat-
ed’ directed evolution is based on iterative
cycles of saturation mutagenesis at prede-
termined sites in an enzyme, a given site
being composed of one, two or three (or
more) amino acid positions. The concept is
illustrated here for the case involving four
sites A, B, C and D of an enzyme, each site
being considered only once in a given up-
ward pathway (Fig. 4).

Experimentally, the respective four ini-
tial libraries prepared by saturation muta-
genesis at sites A, B, C and D are screened,
and the best hit in each case is isolated and
sequenced. At this stage a decision has to
be made as to which branch in the fitness
landscape is chosen for further improve-
ments. It may be hierarchical (take the
best mutant), but in fact it is arbitrary. If
one pathway fails to provide improved mu-
tants, a different one can be explored. In any
case, the gene corresponding to the best hit
of a given library is used as a template to
perform another round of saturation muta-
genesis at a different site (or sites if mov-
ing to another branch), and the process is
continued (Fig. 4). In the case of four sites
as shown in Fig. 4, there are 64 saturation
mutagenesis libraries to be constructed if
all of the confined protein sequence space
is to be explored. At this point, another
statistical aspect comes into play, namely
oversampling.!'2- 131 For example, if a site is
composed of two amino acid positions, 400
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Fig. 3. Schematic summary of the directed evolution of enantioselective lipase-variants originating from the WT PAL used as catalysts in the hydrolytic
kinetic resolution of ester rac-1. CMCM = Combinatorial multiple-cassette mutagenesis.[52:6]

theoretically different mutants are possible,
but in order to reach 95% coverage of this
defined section of protein sequence space,
an excess of about 3000 clones (bacterial
colonies) need to be harvested and screened.
Of course, such high coverage is usually not
necessary. Moreover, a different codon us-
age can be employed, e.g. one which uses
only twelve amino acids as building blocks.
This reduces the necessary number clones
to be screened drastically. [12b]

Crucial for the success of ISM is the
criterion for choosing the sites A, B, C, D,
etc. The concept of ISM constitutes a com-
bination of rational design and combinato-
rial randomization, because it is based on
a Cartesian view of the enzyme to be ge-
netically manipulated. This means that the
enzyme is dissected into defined regions
on the basis of structural information. In
the case of expanding substrate acceptance
(rate) or enantioselectivity, the choice for
defining the sites is made by applying the
Combinatorial Active-Site Saturation Test
(CAST).l'2al Accordingly, an X-ray struc-
ture or a homology model is used to iden-
tify appropriate sites around the complete
binding pocket. Such a systematization dis-
tinguishes CASTing from previous focused
libraries that we and other groups had re-
ported earlier.2¢ CASTing was originally
developed and used to expand the range of
substrate acceptance of enzymes, but only

the initial saturation mutagenesis libraries
were considered. For further evolutionary
improvement two strategies can be consid-
ered: 1) Simply combining the mutations of
the hits originating from two different li-
braries, or 2) Performing ISM as illustrated
in Fig. 4.

We first applied iterative CASTing,
which is an embodiment of ISM, in order
to evolve the enantioselectivity of an epox-
ide hydrolase as a catalyst in the hydrolytic
kinetic resolution of a racemic epoxide.[!!]
The selectivity factor E increased from 4.6
to 115 in just five cycles of iterative satura-
tion mutagenesis. This is dramatically better
than the result of our earlier study based on

epPCR at different mutation rates which re-
sulted in £ = 10.8.0141 In both cases the same
number of clones were involved (20,000),
which is strong evidence that ISM is more
efficient than the traditional approach.
ISM can also be used to enhance the ther-
mostability of enzymes in a process which
is also rapid.['3 This concerns a completely
different catalytic parameter, and therefore
the criterion for choosing the sensitive sites
A, B, C, D, etc. for saturation mutagenesis is
expected to be different. Indeed, in a study
directed towards enhancing the thermosta-
bility of a lipase, we made use of the so-
called B-factors which are available from
X-ray data. They reflect electron smearing

WT

Fig. 4. Iterative Saturation Mutagenesis (ISM) employing four sites A, B, C and D, each site in a given

upward pathway being visited only oncel"!



HOT TOPICS: PRELOG MEDAL 2006

103

around nuclei as a result of thermal motion
or disorder, which correlates with flexibil-
ity (high B-factors indicate flexibility, low
B-factors point to rigidity). Since it was
known that hyperthermophilic enzymes are
more rigid than the mesophilic analogs, the
goal was to increase rigidity at the appropri-
ate sites of a given enzyme, specifically at
those sites showing the highest average B-
factors. Using this criterion, we developed
a method for enhancing thermostability
rapidly, called B-FIT, which is another em-
bodiment of ISM. We applied B-FIT to the
lipase from Bacillus subtilis, and in just five
cycles of iterative saturation mutagenesis
along a hierarchically chosen upward path-
way an increase in thermostability of 45 °C
was readily achieved.!'3] This constitutes a
dramatic increase in thermostability.

In summary, the concept of directed
evolution of enantioselective enzymes has
emerged as a principally new and viable
approach to asymmetric catalysis. The tra-
ditional uses of several rounds of epPCR,
saturation mutagenesis and/or DNA shuf-
fling are successful in this endeavour, but
more recent strategies for probing protein
sequence space are much more efficient,
specifically Iterative Saturation Mutagen-
esis (ISM). This form of rapid directed
evolution can be employed in the quest to
enhance both enantioselectivity and ther-
mostability of enzymes. It has also been
used successfully in the directed evolution
of enantioselective hybrid catalysts, i.e. of
proteins to which synthetic achiral transi-
tion metal catalysts have been anchored
covalently or non-covalently in order to
obtain asymmetric catalysts.['ol ISM thus
opens up new perspectives for White Bio-
technology, including possible applications
in metabolic engineering.
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