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Controlling the enantioselectivity of enzymes by directed
evolution: Practical and theoretical ramifications

Manfred T. Reetz*

Max-Planck-Institut fur Kohlenforschung, Kaiser-Wilhelm-Platz 1, 45470 Mdlheim/Ruhr, Germany

Edited by Jack Halpern, University of Chicago, Chicago, IL, and approved December 29, 2003 (received for review October 23, 2003)

A fundamentally new approach to asymmetric catalysis in organic chemistry is described based on the in vitro evolution of enan-
tioselective enzymes. It comprises the appropriate combination of gene mutagenesis and expression coupled with an efficient
high-throughput screening system for evaluating enantioselectivity (enantiomeric excess assay). Several such cycles lead to a
“Darwinistic’” process, which is independent of any knowledge concerning the structure or the mechanism of the enzyme being
evolved. The challenge is to choose the optimal mutagenesis methods to navigate efficiently in protein sequence space. As a first
example, the combination of error-prone mutagenesis, saturation mutagenesis, and DNA-shuffling led to a dramatic enhancement of
enantioselectivity of a lipase acting as a catalyst in the kinetic resolution of a chiral ester. Mutations at positions remote from the
catalytically active center were identified, a surprising finding, which was explained on the basis of a novel relay mechanism. The
scope and limitations of the method are discussed, including the prospect of directed evolution of stereoselective hybrid catalysts

composed of robust protein hosts in which transition metal centers have been implanted.

symmetric catalysis plays a pro-

found role in modern organic

chemistry (1-3). Numerous

therapeutic drugs, plant-
protecting agents, and fragrances and
most natural products are chiral, many
(or most) exerting a specific biological
effect only in one enantiomeric form.
The practicing organic chemist needing
to perform a catalytic asymmetric trans-
formation has several options, including
synthetic chiral transition metal com-
plexes (1-4), organocatalysts (5), cata-
lytic antibodies (6), and enzymes (7),
none of which are general.

Enzymes are products of evolution and
might therefore be expected to function
with high enantioselectivity only with nat-
ural substrates under physiological condi-
tions. However, it is well known that this
is not the case, because a surprisingly
large number of unnatural compounds are
converted with high enantioselectivity (7),
even in organic solvents (8). Nevertheless,
the problem of substrate specificity per-
sists. In such cases several approaches to
enhance enzyme stereoselectivity have
been described, including site-specific mu-
tagenesis based on theoretical consider-
ations (7-9).

Several years ago we proposed a more
general concept that does not require
any knowledge of the structure or the
mechanism of the enzyme, namely in
vitro evolution of enantioselectivity (10—
12). It entails the combination of known
methods of random gene mutagenesis
and expression (13-16) coupled with an
appropriate high-throughput screening
system (17) for evaluating the enantiose-
lectivity of thousands of mutant enzymes
(Fig. 1). In the first round of mutagene-
sis/screening the most enantioselective
enzyme variant is identified, and the
inferior variants are discarded. By sub-
jecting the gene encoding the hit to an-
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Fig. 1. Directed evolution of an enantioselective
enzyme (11, 12, 41).

other cycle of mutagenesis/screening, a
“Darwinistic” process is triggered that
can be repeated as often as necessary
until the desired degree of enantioselec-
tivity has evolved in a given reaction of
interest. Typically, in each cycle ~3,000
potentially enantioselective mutants are
screened.

After application of an appropriate mu-
tagenesis method, a variety of which are
available (13-16), the mutant genes are
inserted into a bacterial host that is plated
on agar plates. Individual bacterial colo-
nies are transferred to 96- or 384-well cul-
ture plates with a colony picker. In the
final step the culture supernatants are
transferred to the wells of microtiter
plates where the reaction of interest
occurs.

The challenge in enhancing the enantio-
selectivity of an enzyme in a given reac-
tion of interest involves two problems: (i)
choosing the optimal gene mutagenesis
protocols from the list of currently known
methods, and (if) developing efficient
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high-throughput enantiomeric excess (ee)
assays.

Mutagenesis Methods

Although the possibility of in vitro evolu-
tion was suggested in the 1980s, it was not
until later that molecular biologists began
to devise efficient methods for gene mu-
tagenesis. A milestone in this ongoing
area of research concerns the error-prone
PCR (epPCR) (18). By varying the reac-
tion conditions empirically, “errors” in
DNA amplification can be induced so as
to cause one, two, three, or more amino
acid substitutions in the encoded protein
(18-20). Most studies in the area of di-
rected evolution of enzymes begin with
epPCR (10-16), although it is not truly
random (21).

Another important method for intro-
ducing point mutations is saturation mu-
tagenesis, a generalized term pertaining to
the substitution or insertion of codons
encoding all possible 20 proteinogenic
amino acids at any predetermined posi-
tion of the enzyme (22). Usually an excess
of 300—400 clones needs to be picked to
be certain that the 20 enzyme variants are
in fact in the library. The problem of
choosing the appropriate position in the
enzyme needs to be solved first.

A rather different way to generate
mutants concerns recombinative methods
such as DNA-shuffling, a novel process
pioneered by Stemmer and coworkers
(14). Accordingly, two or more genes
are fragmented and then reassembled.
Several other gene-assembly methods
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Fig. 2. General concept of assembly of designed
nucleotides (26); two strategies for the linking of
fragments are possible (cases | and Il). In case | the
two genes, A and B, that are to be virtually shuffled
are aligned, the different colored stars refer to
information that encodes different amino acids,
whereas oligonucleotide fragments with both col-
ored stars in the same position of the parent gene
denote the synthetic oligonucleotide fragment
with degenerate nucleotides. The gray blocks de-
note conserved regions of sequence that can be
used as the linking part with homologous recom-
bination. Case Il shows no homology between
flanking oligos, which can be assembled by ligation
between single-stranded DNA with unknown ter-
minal sequences.

have since been developed, most of
them requiring the availability of the
respective wild-type genes (23-25). We
have devised a method for efficient gene
recombination that does not require the
genes themselves but only information
regarding their sequences (26). The
process is based on the assembly of ap-
propriately designed synthetic oligonu-
cleotides, which is guided by information
derived from gene alignment and com-
puter analysis (Fig. 2).

High-Throughput ee Assays

The need to develop high-throughput
screening systems for the rapid determina-
tion of the enantiopurity of a large num-
ber of samples arose from our desire to
apply the methods of directed evolution to
enantioselective enzymes (10). The first
high-throughput ee assay was designed to
monitor the hydrolytic kinetic resolution
of chiral p-nitrophenol esters catalyzed by
lipases or esterases. Specifically, it was
used to study the enantioselective hydroly-
sis of the chiral ester 1 catalyzed by mu-
tant lipases from Pseudomonas aeruginosa.
Hydrolysis in buffered medium generates
the two enantiomeric acids [($)-2 and
(R)-2] in addition to p-nitrophenolate (3),
which shows a strong UV-visible absorp-
tion at 405 nm (Eq. 1) This finding means
that the reaction can be performed on
microtiter plates with thousands of lipase
mutants as potentially enantioselective
catalysts, a simple UV-visible plate reader
measuring absorption as a function of
time. However, since the racemate deliv-
ers information regarding only the overall
rate, the (S)- and (R)-substrates were pre-
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pared and studied separately pairwise on
96-well microtiter plates (10). Whenever
the slopes of the absorption/time curves
differ considerably, a hit is indicated. The
method allows ~500-800 samples to be
screened per day, which by today’s stan-
dard is medium throughput.

This ee assay, although successful in
the first case of directed evolution of an
enantioselective enzyme (10) (see be-
low), suffers from several disadvantages.
Therefore, a good portion of our re-
search has been directed toward devel-
oping more general, precise, and faster
ee assays. Other groups have also con-
tributed to this new area of research
(reviewed in refs. 17 and 27). Select
protocols for the most efficient ee as-
says based on MS (28, 29), NMR spec-
troscopy (30), and IR spectroscopy (31)
have been published which allow 1,000—
10,000 samples to be evaluated per day
(32). Selection (33) rather than screen-
ing is a goal for the future, phage
display constituting one possi-
bility (34).

Directed Evolution of Enantioselective
Lipases

In the mid-1990s we became intrigued
by the possibility of applying the meth-
ods of directed evolution as a means to
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control enantioselectivity (Fig. 1 and
refs. 10-12). As already mentioned, we
chose the hydrolytic kinetic resolution of
the ester 1 catalyzed by the lipase from
P. aeruginosa as the model reaction (Eq.
1) (10). In addition to developing a
screening system (see above), the prob-
lem of protein sequence space had to be
considered. Since we wanted to use
epPCR as the mutagenesis method in
the early phase of the project, a decision
regarding the mutation rate had to be
made. The lipase from P. aeruginosa
consists of 285 aa. On the basis of the
algorithm n = 19M X 285!/[(285 — M)! X
M!], the size of the library, N, can be
calculated as a function of M, the num-
ber of amino acid substitutions per en-
zyme molecule. In the case of M = 1,
corresponding to the least amount of
“ligand tuning,” the library would theo-
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retically contain 5,415 unique members
(10). However, because of the degener-
acy of the genetic code, among other
things, it is impossible to generate an
epPCR library that contains all 5,415
variants (21). If the mutation rate is in-
creased to yield an average of two
amino acid exchanges per enzyme mole-
cule (M = 2), then the number of mu-
tant P. aeruginosa lipases predicted by
this algorithm increases dramatically to
~15 million. When M = 3, =52 billion
enzyme variants are possible.

Because of the efforts associated with
screening for enantioselectivity, navigation
in protein sequence space should be as
efficient as possible, but even after 6 years
of research it is still difficult to predict the
optimal strategy when searching for enan-
tioselectivity. We originally chose epPCR
at a low mutation rate averaging only one
amino acid substitution per enzyme mole-
cule (10). On going through four cycles of
mutagenesis/screening (2,000-3,000 mu-
tants in each round), the selectivity factor
in the hydrolytic kinetic resolution of the
chiral ester 1 increased from £ = 1.1 to
E = 11.3 (variant A) in favor of (§5)-2
(10). This result was accomplished by
identifying the most enantioselective vari-
ant in each cycle, by isolating the corre-
sponding mutant gene, and by using it as
a template for the next round of epPCR.
Fig. 3 shows the course of this enantio-
selective “evolution” together with the
amino acid exchanges determined by
DNA sequencing.

It is possible to continue to improve
enantioselectivity by performing addi-
tional rounds of epPCR, but such a strat-
egy is not optimal. Rather, considerable
efforts were invested to test other meth-
ods. One of these methods concerns the
use of saturation mutagenesis (22), which
requires an intelligent decision as to the
choice of the position at which the epPCR
is to be performed (35). We assumed that
the identified sites of amino acid exchange

“ enzyme
E=11.3 variant A
F259L
V476
S$155L
S$149G

L
v

0 1 2 3 4
mutant generations (epPCR)

Fig. 3. Increasing the E values of the lipase-
catalyzed hydrolysis of the chiral ester 1 by cumu-
lative mutations caused by epPCR (10, 12).
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are “hot spots” that are important for in-
creasing enantioselectivity, but that the
specific amino acids identified by sequenc-
ing are not necessarily optimal (12, 36).
This assumption is reasonable because the
size of the screened libraries was smaller
than the theoretical number of enzyme
variants and because the amino acid ex-
changes achieved by epPCR are biased
(21). Therefore, several “mutation hot
spots” were chosen for saturation experi-
ments. One of the sensitive positions
turned out to be 155. This strategy led to
variant B displaying an E value of 20 (36).
The gene encoding enzyme variant B was
then subjected to another cycle of epPCR,
resulting in an even better enzyme variant
C having five mutations and a selectivity
factor of E = 25.

We then considered DNA-shuffling
(14), but it was not clear which mutant
genes should be shuffled (37). DNA-
shuffling of the mutant genes produced
by low-mutation-rate epPCR failed to
achieve significant improvements, lead-
ing us to conclude that higher gene di-
versity is necessary. Therefore, epPCR
of the wild-type gene was repeated, this
time at a higher mutation rate corre-
sponding to three amino acid exchange
events per enzyme molecule. We were
delighted to discover that this process
leads to the identification of several im-
proved enzyme variants, D and E (E =
3 and E = 6.5) being the best ones (37).
In the original project with a low muta-
tion rate such selectivity factors were
not obtained until the second cycle of
epPCR (10). The genes encoding the
variants C-E were then subjected to
conventional DNA-shuffling. This pro-
cess provided variant F, which had the
highest enantioselectivity up to that
point (E = 32) (37).

As part of yet another strategy we
extended the region of accessible pro-
tein sequence space by developing a
modified version of Stemmer’s combina-

torial multiple-cassette mutagenesis (37).

The original form of combinatorial
multiple-cassette mutagenesis is a spe-
cial type of DNA-shuffling using the
wild-type gene and cassettes composed
of defined sequences to be randomized
(38). In our version, two mutant genes
encoding the enzyme variants D and E
and a mutagenic oligocassette allowing
simultaneous randomization at “hot
spots” 155 and 162 were subjected to
DNA-shuffling (Fig. 4). This resulted in
the most enantioselective variant J to
date, displaying a selectivity factor of
E > 51 (37).

We also applied cassette mutagenesis,
focusing on a region near the active site
(positions 160-163), resulting in variant G
with E = 30 (37). This strategy is a com-
bination of rational design and directed
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Extended combinatorial multiple-cassette mutagenesis in the evolution of an (S)-selective lipase

variant (green star, position 20; purple star, position 161; yellow star, position 234; red circle, position 53;
orange circle, position 180; blue circle, position 272) (37).

evolution. The results of these and other
experiments are summarized in Fig. 5.

A total of only 40,000 mutants were
screened (37). It is likely that on exploring
larger portions of protein space efficiently,
more and even better lipase variants can
be created. The assumption that millions
of potential variants are highly enantiose-
lective is not unfounded. However, effi-
cient directed evolution is not a matter of
generating huge libraries that then require
considerable efforts in screening for the
desired property. The goal is to create a
maximum in structural diversity while
minimizing the size of the libraries.

One of the traditional limitations of
enantioselective enzyme catalysis has to
do with the fact that only one enantiomer
is usually accessible. It was therefore an

no significant
improvement

T

epPCR at low or
high mutation rate

[

intriguing goal to try to invert the sense of
enantioselectivity in the kinetic resolution
of ester 1 (11). By screening for the (R)-
product and applying similar strategies
based on epPCR, saturation mutagenesis,
and DNA-shuffling, a mutant showing an
(R)-selectivity (E = 30) was in fact
evolved (39). It has 11 amino acid substi-
tutions that are quite different from those
of the (§)-selective enzyme variants.

Learning from Directed Evolution

Most of these results were obtained
without prior knowledge of the 3D
structure of the enzyme or of its mecha-
nism (10-12, 36, 39). Rather, we relied
on the Darwinistic nature of the con-
cept. Despite the fundamental differ-
ences between rational design and our

enzyme variant J
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i
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E=25

*

— enzyme variants
enzyme variant F enzyme vanant G Hwith E =34
= =3 | 'with E = 30
A A

8pPCR at low
mutation rate

| no significant

small - DMA-shuffling simplified CMCM simplified CMCM
improvements T withC, Dand E region 160-163 al positions 155/162
epPCR at high
further epPCR * mutation rate
at low saturation mutagenesis |
mutation rate at hot zpots.
enzyme variants
Dwith E=3
enzyme varant A E with E=6.5
E=11 —
A
T 1 cycle of epPCR
4 cycles of epPCR at high mulation rate I:l : mutagenesis method
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Fig. 5. Schematic summary of the directed evolution of enantioselective enzymes (lipase variants)

catalyzing the hydrolytic kinetic resolution of ester 1 (37). CMCM, combinatorial multiple-cassette

mutagenesis.
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Fig. 6. Mechanism of lipase-catalyzed hydrolysis
of esters (7, 9).

approach, we are convinced that di-
rected evolution is an ideal tool in
learning lessons concerning functional
enzymes, especially when dealing with
enantioselectivity, because this parame-
ter is a particularly sensitive probe.

The lipase from P. aeruginosa is a hy-
drolase having the usual catalytic triad
composed of aspartate, histidine, and
serine (Fig. 6) (40). In a proton shuttle
serine is activated and attacks the ester
with formation of an oxyanion that is sta-
bilized by H-bonding. Collapse of the tet-
rahedral intermediate leads to an acyl
enzyme intermediate, which in turn reacts
with water by means of a similar oxyan-
ion, liberating the acid and regenerating
the lipase. In the chiral ester 1, stereose-
lectivity is determined in the first step.

Although x-ray structural characteriza-
tion of the (S)- and (R)-selective mutants
of the lipase from P. aeruginosa would
provide ideal information in attempts to
unveil the source of enhanced enantiose-
lectivity, such data are not yet available.
However, consideration of the crystal
structure of the wild-type lipase (40), is in
itself illuminating. The structure shows a
conserved «/B hydrolase fold typical of
lipases and the presence of a lid and the
usual catalytic triad composed of aspar-
tate (D229), histidine (H251), and serine
(S82) (37).

We made a surprising discovery when
analyzing the mutation sites of one of the
lipase mutants (variant C) showing an
intermediate degree of enantioselectivity
in the kinetic resolution of ester 1 (£ =
26) (36). It has five mutations (S149G,
S155F, V47G, S164G, and V55G), most
of them occurring at sites remote from the
active center (S82) (12, 36, 41). This ob-
servation leads to a change in paradigm,
because all previous attempts to influence
enantioselectivity of an enzyme by using
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Fig. 7.

Crystal structure of the wild-type lipase
from P. aeruginosa (40) with the active center
(blue) and six mutations (yellow) of variant J (46).

site-specific mutagenesis had focused on
amino acid substitutions near the active
center (42, 43). Such protein engineering
was designed to “carve” an appropriate
chiral pocket at the active center, in line
with Fischer’s “lock-and-key” hypothesis
(44) or modified versions such as Kosh-
land’s induced fit (45). We hoped to
obtain even better lipase variants and thus
postponed the analysis.

Having indeed created by directed evo-
lution a mutant (variant J) displaying even
higher enantioselectivity in the kinetic
resolution of ester 1 (E > 51) (37), we
initiated a detailed molecular modeling/
quantum mechanical study (46). Variant J
has six mutations(D20N, S53P, S155M,
L162G, T1801, and T234S), most of which
are again remote (37, 46) (Fig. 7).

The first step was the quantum me-
chanical calculation of the force fields
involved in the oxyanion, followed by
extensive molecular dynamics calcula-
tions by using the MOLOC and CHARMM
programs (46). The initial geometries
for the molecular dynamics simulations
were derived from the x-ray structure of

@m \
L N

the wild-type lipase from P. aeruginosa
having a phosphonate inhibitor bound
covalently at the active site (S82). The
inhibitor was “replaced” by the (S)- and
(R)-ester 1 with formation of the respec-
tive Michaelis—Menten complexes and
the tetrahedral oxyanions, respectively.
Thereafter, the amino acid exchanges of
the mutants were considered. After as-
signing the appropriate protonation
state, the systems were relaxed by a se-
ries of minimizations and subsequently
subjected to 1-ns molecular dynamics
simulations (46). Solvation by water was
considered.

To uncover the source of (§)-enantio-
selectivity, not only the wild-type lipase
and the best mutant (variant J) were
considered, but also eight other (real
and hypothetical) mutants for the pur-
pose of studying the influence of single
mutations and the possible role of coop-
erative effects. This theoretical analysis
resulted in some remarkable insights
(46). The most important conclusion
focuses on two of the six mutations,
namely, S53P and L162G, which were
demonstrated by the calculations
to act cooperatively in enhancing (S)-
enantioselectivity.

In the wild-type (Fig. 8 Left) S161, S53,
and H83 form a strong H-bond network.
The mutation S53P disrupts this network,
allowing the side chain of histidine at po-
sition 83 to adapt different conformations.
This adaptation is readily possible only if
L162 mutates to G162, which in fact is the
experimental result of directed evolution.
The molecular dynamics calculations
clearly show that the side chain of histi-
dine 83 can then undergo motion toward
the active site to provide additional stabi-
lization of the oxyanion by means of a
new H bond (46). This relay mechanism is
only possible with the (S)-ester 1 (Fig. 8
Right). In the analogous tetrahedral inter-
mediate originating from (R)-ester 1, the
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presence of the methyl group at the ste-
reogenic center results in severe steric
repulsion, which prevents the analogous
stabilizing H bond (46). Thus, a chiral
pocket has been created by directed evo-
lution which not only accommodates the
(8)-ester geometrically, but also provides
additional stabilization of the oxyanion
and therefore most likely of the transition
state. The mutation at position 155 was
also shown to contribute to the observed
(8)-selectivity (46).

The theoretical analysis reveals yet an-
other notable feature. The mutation
L162G leads to the creation of a new
binding pocket, specifically to house the
“carboxylic acid part” of long-chain esters
(46). The “alcohol part” of the ester is
located in a different binding pocket that
was not affected by the evolutionary pro-
cess. The role of the other three muta-
tional changes still needs to be studied in
detail. The next major step should be the
quantum mechanical calculation of the
energies of the transition states.

In summary, the combination of di-
rected evolution and theoretical analysis
has led to the identification of a remark-
able effect that would never have been
discovered by traditional protein design.
The presence of a previously nonexisting
binding pocket and the operation of a
relay mechanism led to the prediction that
mutant J should show higher activity in
the hydrolysis of (S)-ester 1. Indeed, this
mutant is two orders of magnitude more
active than the wild type (41). The results
of the theoretical study also predict that
relative to the wild type the mutant lipase
J should show higher activity in the hydro-
lysis of other branched esters as well. This
has yet to be studied experimentally. Fi-
nally, our theoretical study suggests that
further mutagenesis experiments are in
order, e.g., the generation of a variant in
which mutations S53P and L162G are the
only structural changes that can be intro-
duced by site-specific mutagenesis. We
believe that the fusion of the two very
different ways to perform protein engi-
neering, namely, directed evolution and
rational design, constitutes a powerful
strategy in the quest to create enantiose-
lective enzymes. This conclusion is related
to studies of Hilvert and coworkers con-
cerning binary pattering (47).

Intruiging lessons are emerging from
studies concerning directed evolution of
enantioselective enzymes, and we can
expect many more in the future. Re-
mote amino acid substitutions have also
been shown to influence other enzyme
properties such as stability and activity
(48-53), although the number of re-
ported cases is still limited and explana-
tions at a molecular level are rare. Zhao
and Arnold (48) have enhanced the
thermal stability of subtilisin E by di-

rected evolution, sequence analysis of
the thermally most stable mutant show-
ing amino acid substitutions almost ex-
clusively at positions remote from the
active site (48). To explain the results,
improved hydrogen bonding near a
B-bulge and reduced cavity volume were
postulated. Moreover, Benkovic,
Hammes-Schiffer, and coworkers (51)
have shown that amino acid exchange
events at positions remote from the ac-
tive site can shut down enzyme activity
completely. Detailed explanations at a
molecular level still need to be pre-
sented, but the exciting suggestion that
coupled motions of the enzyme may be
involved constitutes a challenge for ad-
vanced theory.

Remote mutations are, of course, sta-
tistically favored because numerically
more amino acids are far away from the
active site than close to it. Nevertheless,
our studies show that the long-standing
dogma regarding the necessity of amino
acid substitutions exclusively at the ac-
tive site to influence enantioselectivity
no longer holds (10, 36, 39, 41). Di-
rected evolution is capable of creating
structural effects not easily foreseen by
traditional approaches. However, we do
not suggest that spatially close mutations
are unimportant, nor do we propose
that protein engineering should focus
solely on remote effects when attempt-
ing to enhance enantioselectivity.

Directed Evolution of Other Enzymes
Further projects concerning the directed
evolution of enantioselective enzymes are
necessary. The development of alternative
and perhaps even more efficient strategies
for exploring protein sequence space are
also needed. For example, we have pro-
posed that systematic saturation mutagen-
esis at every position of a given enzyme
constitutes a viable starting point for
searching for enantioselectivity, providing
a set of n libraries of single-site variants
(where 7 is the number of amino acids in
the wild type; ref. 54). Each library, con-
sisting of an excess of 300—400 clones,
contains 20 different enzyme variants cor-
responding to the introduction of the 20
proteinogenic amino acids at a given posi-
tion. The set of n libraries, once on the
shelf, can then be used to test any sub-
strate that is converted to a chiral product
by the particular enzyme. Although this
set of libraries limits protein sequence
space considerably, in favorable cases one
or more hits may already display the de-
sired degree of enantioselectivity. In other
cases they form the starting point for the
actual evolutionary optimization. An ex-
ample concerns the hydrolytic desymme-
trization of meso-cyclopentene-diacetate
catalyzed by the lipase A from Bacillus
subtilis, an enzyme composed of 181 aa
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(54). The wild-type enzyme Lip A leads
to an ee value of only 38-45% (depend-
ing on the mode of expression). Although
the systematic screening of the 181 small
libraries has not yet been completed, a
striking observation has already been
made: namely, the identification of a mu-
tant showing reversed enantioselectivity
(ee = 85%) (H. Krumm, unpublished
work). Since evolution is not yet involved
at this stage, any other substrate can be
screened in a similar manner by using the
same set of lipase libraries without re-
course to the generation of new mutants.
The idea of applying systematic satu-
ration was recently also described by
scientists at Diversa (San Diego) in their
efforts to improve the enantioselectivity
of a nitrilase in the desymmetrization of
the prochiral dinitrile 4 (Eq. 2 and ref.
55). This catalytic reaction is of special
industrial interest because the ethyl es-
ter of (R)-5 is an intermediate in the
synthesis of the cholesterol-lowering
drug Lipitor. The wild-type nitrilase has
330 aa and leads to an enantioselectivity
of ee = 87.8% in favor of (R)-5. On
performing systematic saturation mu-
tagenesis, several improved mutants
were found displaying ee values between
95.4% and 98.1% (55). A total of 31,584
clones were evaluated for enantioselec-
tivity by using the Miilheim MS-based
screening system (28, 56) as the ee as-
say, in this case, ’N-labeled 4 being
used as the substrate. In a laboratory-
scale reaction one of the best mutants
performed impressively well, even at
high substrate concentration (3 M). The
mixture of 4 (1 g, 9 mmol), the mutant
nitrilase (30 mg), and a phosphate
buffer (2.03 ml) was stirred at 20°C for
15 h to furnish the desired product
(R)-5 (1.1 g, 96%, 98.5% ee) with a 619
gliter!-d~! volumetric productivity (54).

OH CH

NC\/I\/CN Aitrlase,, NC\/'\/COZH

4 (RS [2]

Screening an initial mutant library (or set
of libraries) can lead to improvements in
the ee as in the examples above and in
some other cases (57, 58), although true
directed evolution along the lines of Fig. 1
is not involved. An impressive example of
the use of directed evolution to control
the enantioselectivity of enzymes concerns
the use of a hydantoinase in the produc-
tion of unnatural methionine as reported
by May et al. (59). By applying several
rounds of mutagenesis, reversal of enan-
tioselectivity was achieved. In yet another
study the substrate acceptance of an aldo-
lase was altered to include the reaction of
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a given aldehyde that is not converted at
all by the wild-type enzyme, enantioselec-
tivity being maintained at 100% (60).
Preliminary results from our laborato-
ries concerning epoxide hydrolases are
also encouraging. In the hydrolytic kinetic
resolution of glycidyl phenyl ether (6) with
the epoxide hydrolase from Aspergillus
niger as the catalyst, enantioselectivity was
more than doubled in going from E = 4.6
to E = 10.8 in favor of (5)-7 (Eq. 3) (61).

oH
PnoM EH rrnm

A. niger _>_/ F'h'D_/_/

6 (5)7 (RMT
[3]

This enantioselectivity was achieved on
the basis of a single cycle of epPCR at
high mutation rate, which does not yet
constitute directed evolution. Three mu-
tations were identified, two of which
(K332E and A390E) occur at remote
positions and one (A217V) closer to the
active site (A192). A preliminary model
suggests that the larger valine side chain
at residue 217 disfavors the (R)-
substrate because of steric congestion.
Before embarking on actual directed
evolution, an improved expression sys-
tem was developed (62).

The kinetic resolution of substrate 6
can be carried out more efficiently with
synthetic transition metal catalysts de-
scribed by Jacobsen (63). We are there-
fore turning our attention to substrates
that are not converted by the Jacobsen
catalysts or epoxide hydrolases (64).

Finally, we believe that enzyme-
catalyzed enantioselective partial oxida-
tions will become more important in the
future, especially when synthetic catalysts
fail completely (65). Preliminary studies
in our laboratories concerning the di-
rected evolution of a cyclohexanone
monooxygenase as a biocatalyst in the
Baeyer—Villiger reaction of 4-
hydroxycyclohexanone show that the
enantioselectivity of this synthetically in-
teresting transformation can be increased
substantially from ee = 9% to ee = 90%.
It was also possible to invert the sense of
enantioselectivity. Moreover, a mutant
was evolved that converts 4-
methoxycyclohexanone with ee = 98.5%.
No presently known synthetic transition
metal catalyst can even come close to this
performance. Another perspective that we
are interested in concerns cytochrome
P450-catalyzed hydroxylation of steroids
and other substrates, the aim being to ex-
ploit the possibility of directed evolution
in the quest to control simultaneously
regio- and diastereoselectivity of this im-
portant type of carbon-hydrogen activa-
tion. Goals of this type are ideally suited
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for directed evolution of selective en-
zymes.

Directed Evolution of Hybrid Catalysts

Directed evolution of enantioselective en-
zymes constitutes a previously uninvesti-
gated approach to asymmetric catalysis in
organic chemistry, but several limitations
exist. No enzyme can catalyze transition
metal-mediated hydroformylation, allylic
substitution, hydrovinylation, or Heck re-
actions, to mention only a few reaction
types that form the heart of organic
chemistry. If an enzyme were capable of
such catalysis, then the methods of di-
rected evolution as described herein could
be applied to tune regio- and stereoselec-
tivity and catalyst activity. In addressing
this question, we have proposed the con-
cept of directed evolution of hybrid cata-
lysts in which a protein, acting as a host
for a synthetic catalyst, is chemically modi-
fied to introduce a metal/ligand center at
a predetermined position (41, 66—68).
The covalent or noncovalent attachment
of certain catalytically active species to
proteins has already been described by
using wild-type proteins (69-72). How-
ever, this affords only a single catalyst in a
defined protein environment, which may
not actually exert a positive effect in catal-
ysis. For example, why should a diphos-
phine/rhodium complex be more active as
a hydrogenation catalyst in a protein than
in its normal environment? The answer is
“no,” unless of course the appropriate
amino acids are positioned spatially cor-
rectly around the active (synthetic) site to
stabilize the transition state of the reac-
tion in a way that was originally proposed
by Pauling for real enzymatic reactions
(73). Additional binding of the metal by
an amino acid of the protein may also
affect the coordination chemistry and
therefore the catalytic profile. We have
suggested that it may be possible to
achieve such activating effects (and stereo-
selectivity) by using directed evolution to

random
mutagenesis

produce thousands of mutants of an ap-
propriately chosen protein as a host, to
modify them chemically en masse, and
then to perform a given transition metal-
catalyzed reaction (41, 66—68). The gene
encoding the best hit with respect to activ-
ity (and enantioselectivity) can then be
subjected again to the process, creating an
“evolutionary pressure” on the system
(Fig. 9). Although in preliminary studies
we were successful in performing chemical
modification with introduction of ligands
of the type salen, dipyridine and diphos-
phine, and several transition metals in
large-scale reactions using a special wild-
type enzyme (papain) (67), parallelization,
and miniaturization of expression, protein
purification, and chemical modification
have yet to be accomplished. As an alter-
native to covalent chemical modification,
we are also pursuing Whitesides” concept
(69) of using noncovalent introduction of
a rhodium-diphosphine complex by the
avidin (or strepavidin)-biotin interaction
(67). Attachment of metals directly to cys-
teine is yet another possibility.

A different approach is to use metal-
loenzymes in synthetic reactions not
intended by nature. For example, copper-
containing enzymes could serve as cata-
lysts in conjugate addition reactions or
cyclopropanations, whereas zinc enzymes
are candidates for Diels-Alder reactions.
The challenge is to manipulate the wild-
type enzymes by directed evolution so that
efficient catalysts will be formed for appli-
cation in the laboratories of organic
chemists.

Conclusions

Since our original proposal that the meth-
ods of directed evolution may provide a
new way to control the enantioselectivity
of enzymes for use in organic chemistry
(10), a great deal of progress has been
made. The most intensively studied case
involves the directed evolution of a lipase
acting as a catalyst in the hydrolytic ki-
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DNA expressmn PROTEIN HYBRID
gene library LIBRARY CATALYSTS
——— H ® eed|
920 o) H+3 :ua
random to el 2". o0 .
mutagenesis
catalysis

hit identification

Fig. 9.

PNAS | April 20,2004 | vol. 101 |

high throughput screening for
enantioselectivity/activity

Concept of directed evolution of hybrid catalysts (41, 66-68).

no.16 | 5721



z
/|
~ |

netic resolution of a chiral ester. The se-
lectivity factor E was increased from 1.1
to >51 in favor of one enantiomer (12,
37). Reversal of enantioselectivity was also
achieved (E = 30 in favor of the opposite
enantiomer; ref. 39). Several efficient
high-throughput ee assays were developed
(17, 27-32), so that today the analytical
problems of almost any project on di-
rected evolution of enantioselective en-
zymes can be solved. One challenge for
the future is development of selection
(rather than screening) systems for
enantioselectivity.

The practical results of our investiga-
tions are independent of any knowledge
concerning the structure or the mecha-
nism of the enzyme. Nevertheless, di-
rected evolution is an excellent tool in
enriching our knowledge of how enzymes
function, specifically when analyzing the
evolved mutants by molecular modeling/
quantum mechanical methods. Indeed,
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effects that would never have been uncov-
ered by conventional rational design were
discovered, e.g., remote effects in control-
ling asymmetric induction (41, 46). In the
future the combination of directed evolu-
tion and rational design may turn out to
be the most effective way to improve the
catalytic profile of enantioselective en-
zymes as catalysts in organic chemistry.

Several other enzymes have also been
subjected to random mutagenesis to en-
hance their enantioselectivity, although
directed evolution was not always involved
(55, 57, 59-62). A single round of epPCR
is not an evolutionary process.

Directed evolution is not only a method
with which to enhance the activity, stabil-
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lution of enantioselectivity is on its way to
become an established science, and indus-
trial applications are emerging. Finally,
the prospect of applying directed evolu-
tion in controlling activity and selectivity
of hybrid catalysts in reactions usually
considered to be the domain of classical
transition metal catalysis may also offer
new perspectives (66—68).
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