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The epoxide hydrolase (EH) from Aspergillus niger, which shows a selectivity factor of only E = 4.6 in the hydrolytic kinetic resolution of
glycidyl phenyl ether, has been subjected to directed evolution for the purpose of enhancing enantioselectivity. After only one round of
error-prone polymerase chain reaction (epPCR), enantioselectivity was more than doubled (E = 10.8). The improved mutant enzyme contains
three amino acid exchanges, two of which are spatially far from the catalytically active center.

The hydrolytic kinetic resolution of chiral epoxides can be recently increased by the commercialization of three epoxide
performed either with synthetic transition metal catalysts hydrolases, specifically the EH frospergillus nigerand

(Jacobsen catalystg)r enzymatically using epoxide hydro-

Rhodococcus rhodochrouas well as human microsomal

lases (EHY:® The former option constitutes one of the most epoxide hydrolasé These and other EHs have been dem-
efficient and reliable methods for asymmetric transition metal onstrated to be highly active and enantioselective catalysts
catalysis. The potential of the enzymatic approach was for the hydrolytic kinetic resolution of a variety of ep-
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oxides?® However, the substrate specificity of enzymes limits
the range of compounds that can be converted enantiose-
lectively. Moreover, some classes of epoxides such as trans-
1,2-disubstituted substrates react with unacceptably low rates,
a problem that has also been encountered in Jacobsen
chemistry. In principle, enzyme properties can be engineered
by “rational design” using site-specific mutagenesis, but in
the case of enantioselectivity, this is far from trivial. As a
viable alternative, we recently introduced the concept of
directed evolution of enantioselective enzyrmh@his strategy
comprises the proper combination of random mutagenesis

(4) Commercially available from Fluka/Aldrich/Sigma.



methods and protein expressiaoupled with efficient high- of a 1:1 mixture of §)-1and the pseudo-enantiomer (R)-
throughput screeningAs a first example, a highly enantio- Ds-1 (Scheme 2). Since the two starting compounds and the
selective lipase variant was evolved as a catalyst in the
hydrolytic kinetic resolution of a chiral ester by applying
several cycles of error-prone polymerase chain reaction

(epPCR), saturation mutagenesis, and DNA shufflihgvas Scheme 2 o
shown that amino acid substitutions at positions far away o v& o o
from the catalytically active site affect enantioselectivity, Ej ©/
a surprising phenomenon that was subsequently explained EH from
. . . (S)1 A. niger (S)-2

by a novel relay mechanisfOn the basis of these positive Tho
results, we have started to apply the concept of directed D Q D HQ  OH
evolution of enantioselective enzymes to EHs. P oL b o~/

The hydrolytic kinetic resolution of glycidyl phenyl ether D D D D
(1) with formation of diol2 was known to be catalyzed by D D
the EH fromA. niger,although with low enantioselectivity (R)-Ds-1 (R)-Ds-2

(Scheme 1}° The selectivity factoE (reflecting the relative

] two products (S)-2/(R)-£2 differ by five mass units, their

respective ratios can be determined by ESI-MS. To reduce

Scheme 1 ) .
the extent of ESI-MS screening, a pretédor epoxide
o) H,0O HO, OH HO OH L X X X X
N VAT — J—/ + s hydrolase activity was routinely applied, which is based on
A mger PO PhO the known reaction of an epoxide with p4nitrobenzyl-
1 (512 (R)-2 pyridine leading to the rapid formation of a blue dye. It has

been parallelized to function efficiently on mictrotiter
plates'* Thus, reaction mixtures in the wells of microtiter
rate of the reaction of the two enantiomers) amounts to only plates (96- or 384-well format) in which a blue color is not
4.6, in slight favor of the (S)-product. We therefore chose formed contain active EH mutants. These mutants were then
this as a model system to test the possibility of improving investigated for enantioselectivity using the ESI-MS assay.
enantioselectivity. Several libraries of mutant EHs were prepared by applying
A prerequisite for the directed evolution of enantioselective epPCR under various conditions and transforming i&to
enzymes is the availability of an efficient expression system coli BL21(DE3). Single transformants were cultured in liquid
and an appropriate high-throughput ee assayn expression  media in a 96-well format, and the pretest for activity was
system for the EH fronA. nigerbased on the construct pGEF  performed using bacterial cultures and the racemic epoxide
Asp-EH inE. coli BL21(DE3) was previously describéd. 1. Of the first 20 000 clones that were screened, approxi-
Sufficient quantities of this recombinant wild-type EH, which  mately 20% showed appreciable activity as revealed by the
allows for commercialization, has also been achieved by pretest. The active mutants were then screened by our ESI-
using a heterologous overexpression within anogeriger MS-based ee assay leading to the identification of several
strain®12 Moreover, in preliminary work, we developed an dozen mutants with improved enantioselectivitylost of
ESI-MS-based high-throughput ee assdased on the use  these exhibited selectivity factors ranging between 5 and 7,
_ _ but several had distinctly high&values. The latter mutants
e T e S 35 ) S 5" Were subsequently stuied n laboratory scale reactions, the
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Table 1. Improved Variants of the EH fromspergillus nigeras Catalysts in the Hydrolytic Kinetic Resolution of Epoxitle

conversion [%]

variant eep (S) [%] (reaction time [min]) E amino acid exchanges
1S002B1 74 39 (2) 10.8 A217V, K332E, A390E
1V001G2 73 24 (5) 8.1 not determined
1Y001B1 69 35 (30) 7.7 not determined
IR003B1 69 31 (5) 7.4 R219G

ITOO1A1 66 38 (30) 7.2 F84L, M245L

11001G7 68 30 (30) 6.8 not determined
1B0O01C2 64 38 (30) 6.6 F340Y

IEOC01H6 65 34 (45) 6.4 A327V

1SO01H8 67 23 (30) 6.2 A327V

1LO01D4 62 30 (3) 5.5 P222S
WT 56 33 (45) 4.6

The X-ray crystal structure of the wild-type EH frof whereas A217V is somewhat closer. The side chain of the

nigerreveals a dimer comprised of identical subutitSach amino acid at position 217 is located about 9 A from the
monomeric unit contains the catalytic triad (aspartate, nucleophilic active site D192. Molecular modeling (MOLOC
aspartate, histidine) typical for most EFf$Aspartate 192  MD calculations) of the wild-type EH with both enantiomers
attacks the epoxide nucleophilically with formation of a of 1 shows that the side chain of residue 217 is in van der
glycol-monoester intermediate that is hydrolyzed in a second \waals contact with the phenyl-ring of the substrate. A
step. Figure 1 shows the known three-dimensional structurepreliminary model suggests that the larger valine side chain
at residue 217 disfavors theR)-substrate due to steric
interaction. The role of the remote substitutions K332E and
A390E is more difficult to reveal, requiring more extensive
theoretical investigations. Rare cases of remote effects with
respect to enzyme stability and/or activity were reported
previously by other group¥.

In summary, the present results show that it is possible to
apply the methods of directed evolution in the quest to
develop epoxide hydrolases having enhanced enantioselec-
tivity. 18 Further rounds of epPCR, saturation mutagenesis,
and DNA shuffling now need to be applied. However, before
doing so, a problem that hampers systematic optimization
of the present reaction or of the kinetic resolution of other
more difficult substrates needs to be resolved, namely, our
observation that the expression system is genetically unstable.
Whereas this is of little concern when producing large
guantities of single enzyme variants, it causes difficulties
when performing directed evolution. Thus, our immediate
efforts are now directed toward improving the expression
systemt®

Figure 1. Crystal structur® of the monomer of the wild-type EH
from Aspergillus nigershowing the catalytic triad (blue), the two
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