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Abstract: Directed evolution based on saturation mutagenesis
at sites lining the binding pocket is a commonly practiced
strategy for enhancing or inverting the stereoselectivity of
enzymes for use in organic chemistry or biotechnology.
However, as the number of residues in a randomization site
increases to five or more, the screening effort for 95 % library
coverage increases astronomically until it is no longer feasible.
We propose the use of a single amino acid for saturation
mutagenesis at superlarge randomization sites comprising 10
or more residues. When used to reshape the binding pocket of
limonene epoxide hydrolase, this strategy, which drastically
reduces the search space and thus the screening effort, resulted
in R,R- and S,S-selective mutants for the hydrolytic desymmet-
rization of cyclohexene oxide and other epoxides. X-ray crystal
structures and docking studies of the mutants unveiled the
source of stereoselectivity and shed light on the mechanistic
intricacies of this enzyme.

Directed evolution is a protein-engineering technique for
manipulating essentially any catalytic property of enzymes,"
including their enantio-, diastereo-, and regioselectivity.!"
Multiple cycles of gene mutagenesis, expression, and screen-
ing are generally required. Since the screening effort is the
bottleneck of directed evolution, the design of higher-quality
mutant libraries is crucial. In this endeavor, we developed the
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structure-based combinatorial active-site saturation test
(CAST) in combination with iterative saturation mutagenesis
(ISM) at sites lining the binding pocket of enzymes as
a method for manipulating stereo- and regioselectivity.!'>?
Nevertheless, theoretical and practical issues remain unre-
solved. Since the degree of oversampling for 95% library
coverage®! increases drastically as the number of residues of
a given randomization site increases (see Table S1 in the
Supporting Information), one can either settle for signifi-
cantly less coverage!™ and/or employ codon degeneracies
encoding reduced amino acid alphabets, such as NDT (12
amino acids)™ or even smaller alphabets (5-7 amino
acids),'™¥ which require less screening. The choice is
currently unclear, especially when 10 or more residues
surround the binding pocket: a frequently encountered
situation.

In the present curiosity-driven study, a 10-residue site was
simultaneously randomized by using the smallest possible
amino acid alphabet composed of a single amino acid. In
contrast to, for example, NDT codon degeneracy, which
would require approximately 2 x 10"! transformants for 95 %
library coverage, in this case only about 3000 transformants
would be required, although diversity is greatly reduced. This
approach is reminiscent of shotgun alanine scanning” and
combinatorial alanine scanning’® used to manipulate binding
properties. Only one example of the use of combinatorial
alanine scanning in this way has been described: It was used in
combination with point mutations evolved earlier and error-
prone PCR to enlarge the substrate scope of P450-BM3.1*!

We selected limonene epoxide hydrolase (LEH) as the
model enzyme!” and the hydrolytic desymmetrization of
cyclohexene oxide (1) to form (R,R)- and (S,S)-2 as the model
reaction (Scheme 1). Wild-type (WT) LEH resulted in an
enantiomeric ratio of only 52:48, minimally in favor of (S,S)-2.
The crystal structure of LEH reveals that the binding pocket
is surrounded by mostly hydrophobic amino acid side
chains.”™ Limited protein engineering has been performed
with LEH; most of the newly introduced amino acids had
hydrophobic side chains.®! Both pieces of information led us
to choose an amino acid with a hydrophobic side chain as the

LEH OH OH
O - O
H.0 “OH OH
1 (RA)-2 (5,52

Scheme 1. Model hydrolytic reaction catalyzed by LEH.
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single building block in saturation mutagenesis. A random-
ization site comprising 10 residues was chosen: L74, F75,
M78, 180, L103, L114, 1116, F134, F139, and L147 (Figure 1).
Valine was first tested owing to its fairly large hydro-
phobic side chain. Primer design and library construction are
described in the Supporting Information (see Scheme S1).
The adrenaline on-plate pretest’”) was employed for rapid
identification of catalytically active LEH variants. For 95 %
library coverage, about 3072 transformants would need to be
screened; in fact, 35 microtiter plates of 96-well format (96 —
2 positive controls — 2 negative controls = 92) corresponding
to 3220 transformants were rapidly assessed. The 533
- identified active hits were screened for enantioselectivity by
r4 R0 automated GC on a chiral stationary phase. Several notably
D1W improved S§,S-selective variants characterized by the intro-

duction of up to five valine residues were identified, with
stereoselectivity reaching e.r. 93:7 (Figure 2 A). Variants dis-
playing inverted enantioselectivity in favor of (R,R)-2 were
also discovered in the same library (e.r. up to 12:88). Further

L147

L74 /

F75

Y93

Figure 1. Large randomization site defined by 10 amino acid positions
(green) chosen on the basis of the crystal structure of LEH." The
catalytic residues are shown in pink.
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Figure 2. Screening of the single randomization library at the chosen 10-residue site (Figure 1). A) Results with valine as the sole building block.
B) Results with phenylalanine as the sole building block. C) Results of ISM with SZ19 as the template and phenylalanine as the sole building
block. D) Results of ISM based on SZ118 as the template and valine as the sole building block. The designation e.r. (or er in the graphs) refers to
the S,S/R,R enantiomeric ratio. The statistical analysis of these saturation mutagenesis experiments is summarized in Table S3. Analogous
experiments with serine and threonine as polar building blocks led, as expected, to poor results, as did experiments with alanine, probably as

a result of the small size of its side chain (see Table S4). The use of proline was also unsuccessful. In the case of tyrosine, several fairly S,S-
selective variants were found in the respective library (e.r. up to 92:8), but maximum R,R selectivity proved to be less pronounced (e.r. up to
31:69).
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selective variants are listed in Table S2 in the Supporting
Information.

These initial results demonstrate the viability of our
approach. Some of the identical newly introduced valine
mutations occur in both §,5- and R,R-selective variants,
namely, mutations L114V and L147V. We then tested phenyl-
alanine as the sole building block in a similar manner. In this
case, only 384 transformants (2’ x 3 =384) were screened for
95% library coverage, because these 10 residues contain
three positions already harboring phenylalanine (F75, F134,
and F139), which need not be included in the randomization.
As summarized in Figure 2 B, the best variant L74F/L114F led
to pronounced inversion of enantioselectivity in favor of
(R,R)-2 (e.r. 7:93), whereas the improvement of S,S selectivity
was moderate. In the case of the R ,R-selective mutant L74F/
L114F (er. 7:93), a cooperative mutational effect!'” is
operating, because variant L114F favors the formation of
(R,R)-2 (e.r.22:78), whereas L74F is S,S-selective (e.r. 60:40).

To boost enantioselectivity, we applied ISM"™? in two
variations, again keeping minimal screening in mind. In one
case, the gene of variant SZ19 (L103V/L114V/I116V/F139V/
L147V) was used as a template for randomization at residues
L74, M78, and 180 by employing phenylalanine as the sole
building block. The three amino acid positions do not occur in
the template SZ19, and the remaining residues F75 and F134
already feature phenylalanine. In this way, we identified
variants SZ92 and SZ95 with high S,S selectivity (e.r. 96:4;
Figure 2C). In another experiment, mutant SZ118 (L74F/
L114F) was chosen as the template for improving R,R
selectivity. This time randomization was performed with
valine as the building block and resulted in the generation of
three highly enantioselective variants (Figure 2D), the best of
which was SZ338 (L74F/L114F/M78V/I80V) with e.r. 2:98.

Although numerous enantioselective enzyme mutants
have been generated in previous directed-evolution studies,
X-ray structural analyses were hardly ever performed.*"! To
identify structural differences between WT LEH and the best
R,R- and S,S-selective mutants, we solved the X-ray crystal
structure of SZ338 at 2.05 A and that of SZ92 at 1.53 A. When
the structures of SZ92 and SZ338 were superimposed on that
of WT LEH (PDB ID: INWW), only very small root-mean-
square deviations of 0.254 and 0.424 A, respectively, were
observed for the backbone C, atoms (Figure 3 A). The most
obvious differences between the three structures are located
in the flexible loops and the C-terminal region. As compared
to those in the WT and SZ92 mutant structures, the C-
terminal o helix (residues 138-142) and the loop between
residues 55 and 60 in the SZ338 structure have shifted by
about 7.2 and 4.3 A, respectively. These conformational
changes may be the consequence of the L114F mutation.

We also determined the product-containing (complexed)
structures of mutant SZ92 harboring (S,S)-2 at 1.70 A and
mutant SZ338 with (R,R)-2 at 2.25A by soaking the
respective crystals with epoxide 1 (Figure 3B,C). As shown
in Figure 3 E,F, the binding pocket in the complexed structure
of SZ338 with (R,R)-2 has been significantly downsized and
closed. This structural change may be caused by motion of the
C-terminal helix and a further side-chain shift of F74.
Although both SZ92 and SZ338 harbor the L74F mutation,
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Figure 3. Structure of LEH variants. A) Superposition of the LEH wild-
type (light blue), SZ92 (pale yellow), and SZ338 (light pink) structures.
The helix 136-142 and loop 55-60 of SZ338 are shifted by 7.2 and

4.3 A, respectively. B, C) Structures of SZ92 complexed with (S,S)-
cyclohexanediol (B) and SZ338 complexes with (R,R)-cyclohexanediol
(C). The catalytic residues D101/D132 and the mutated residues are
shown as gray balls and sticks. The 2| F,| — | 2F.| electron-density map
of ligands (blue mesh) are contoured at 1.0 0. D) Comparison of the
F74 rotamer conformation in LEH variants. Light blue and orange
represent apo and complexed wild-type LEH, respectively; pale yellow
and marine are apo and complexed SZ92, respectively; light pink and
cyan are apo and complexed SZ338, respectively. E, F) Surface repre-
sentation of the active pocket in apo (E) and complexed (F) structures.
The catalytic residue D101 is shown in gray as a ball-and-stick model.

only the SZ338 complexed structure contains a dual con-
formation of the F74 side chain (Figure 3 D). The occupancy
ratio of rotamer 1 and rotamer 2 has been shifted from 6.5:1.5
in the apo structure of SZ338 to 1:6 in the SZ338 complexed
structure. However, only rotamer 1 of F74 occurs in the apo
and complexed structures of SZ92. Interestingly, there are
also two rotamer conformations in the crystal structures of
WT LEH, with rotamer 1 found only in the apo structure
(PDB ID: INWW), whereas rotamer 2 is found only in the
complexed structure (PDB ID: 1NU3). The detailed con-
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D132

Figure 4. Docking poses for substrate 1in A) WT LEH and the mutants B) SZ92 and C) SZ338. Nucleophilic
attack by the water molecule at C1 and C2 of substrate 1 results in the formation of the R,R and S,S isomer,

respectively, of the diol product.

formational changes in the apo and complexed structures of
WT, §792, and SZ338 imply a significantly reshaped binding
pocket for WT and mutant LEH during the hydrolysis of the
epoxide.

To elucidate the origin of enhanced and inverted enantio-
selectivity, we performed docking computations with WT
LEH and the mutants SZ338 and SZ92, with epoxide 1 serving
as the substrate (see the Supporting Information for details).
Epoxide-ring opening by LEH has been studied previously by
Himo and co-workers on the basis of a quantum-mechanical
cluster model™ and by Hou etal. by QM/MM.[! Upon
binding of the substrate in the active site, activation occurs by
hydrogen-bonding between the epoxide O atom and proton-
ated aspartate (D101). The substrate undergoes ring opening
through nucleophilic attack by a water molecule, and the
selectivity for a particular product is determined by which
C atom undergoes attack. The transition states calculated by
Himo and co-workers for cyclopentene oxide indicate that
protonation of the epoxide oxygen atom by D101 occurs early
on in the reaction and that this protonation occurs at the front
face of the epoxide (exo).'”) The nucleophilic water is held in
position by H-bonding interactions with D132, N55, and Y53.
Docking poses for substrate 1in WT LEH and the SZ338 and
SZ92 mutants are shown in Figure 4. As the activation of the
epoxide by D101 is considered essential for reaction, only
docking poses in which this interaction is present have been
considered. Furthermore, the directionality of this interaction
is important.¥! For the WT model, two almost degenerate
binding poses of substrate 1 contain a H-bond to the
protonated D101 residue: In one pose the pro-R,R and in
the other the pro-S,S carbon atom is placed close to the water
molecule. This observation is consistent with the relatively
small degree of selectivity observed for the hydrolysis of 1 by
the WT enzyme. For docking to the
SZ792 and SZ338 mutants, the poses
with the best scores place the pro-
S,S and pro-R,R carbon atom, -

Ang
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considered. In S\2 reactions
of alkyl halides, such as
methyl chloride, it is tradi-
tionally accepted that the
angle of attack is crucial,
and that a 180° trajectory
Nu--C--X is ideal, as calcu-
lated by Jorgensen and co-
workers.'Yl The situation in
catalyzed or noncatalyzed
nucleophilic  ring-opening
reactions of epoxides is dif-
ferent.'” For certain sub-
strates and nucleophiles,
the ideal angle of attack has been estimated to be in the
range 105-114° for the Nu-C,-Cy angle,>*l in which C is the
carbon atom undergoing attack and Cy is the adjacent epoxide
carbon atom. The corresponding Nu-C-X angle is around
150°. For this reason, we calculated the angles formed
between the water nucleophile and the epoxide C—O bonds
(04aCx-Oy,), and also between the water nucleophile and
the epoxide C—C bond (O,,,-Cx-Cy; see Table S5). In all cases,
the calculated angles for the respective docking poses are
closest to the ideal values for the carbon atoms expected to
preferentially undergo attack.['?

The best ISM-derived variants were then tested as
catalysts in the hydrolytic desymmetrization of substrates 3,
5, and 7 (Scheme 2). Excellent enantioselectivities were
usually observed (Table 1). However, none of the tested
second-generation variants accept cyclopentene oxide (3)
under the applied reaction conditions, which is a remarkable
finding. Apparently, fine-tuning for substrate 1 leads to

LEH OH wOH
o — +
H,0
n n “OH n "OH
3 (n=1) (RR)4 (S,5)4
5 (n=3) (R,R)-6 (5,5)-6
R._ <OH
"OH R OH
7 (R=CGH5) (R,R)-s (S,5)-8

Scheme 2. Hydrolytic desymmetrization of further meso epoxide sub-
strates with the best variants evolved for epoxide 1.

Table 1: Hydrolytic desymmetrization of different epoxides with best LEH variants evolved for substrate

respectively, closest to the water  Mutant 1 3 5 7
molecule, in agreement with the er. C [%]" er. C [%]" er. C [%]" er. C %]
experimentally observed selectivi- 52:48 86 4456 84 61:39 99 496 99
ties. 5792 96:4 99 nd <5 97:3 52 65:35 14
As well as the relative O—C  Sz95 96:4 97 nd <5 96:4 64 60:40 41
distances as factors contributing to ~ SZ338 2:98 83 nd <5 3:97 66 1:99 93
SZ342 3:97 73 nd <5 1:99 34 1:99 83

enantioselectivity, the angle of

nucleophilic attack should also be  [a] C=Conversion.
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mutants which no longer accept the sterically smaller com-
pound 3. Therefore, the initial valine and phenylalanine
libraries were screened for cyclopentene oxide (3). More than
30 active variants showing improved R,R and §,S selectivities
were identified (see Table S6). For the evolution of highly
stereoselective variants, ISM would have to be applied with
the best hits active for 3 in the initial valine library as
templates.

To gain an understanding of the surprising observation
that the best LEH variants for substrate 1 do not accept
cyclopentene oxide (3), we obtained an X-ray crystal struc-
ture with this substrate captured in the active pocket of the
SZ338 mutant by soaking crystals with this substrate. The
crystal structure at 2.30 A resolution shows that the epoxide
oxygen atom of substrate 3 does not form a hydrogen bond to
the protonated aspartate (D101) as required for activation of
the epoxide (see Figure S1 in the Supporting Information).
Instead, a water molecule forms a bridging interaction
between the two moieties. The X-ray crystallographic data
indicates that such an interaction is insufficient for the
hydrolysis reaction to proceed.

In summary, we have shown that the enantioselectivity of
a WT enzyme can be enhanced or inverted significantly by
saturation mutagenesis with single amino acid alphabets at
a large randomization site comprising 10 residues, provided
that the appropriate choice of the building block is guided by
X-ray structural data. Amino acids with hydrophobic side
chains were used for good reasons; in other enzyme types
different amino acids!'® would have to be considered, for
example, when mainly hydrophilic residues surround the
active site of methyltransferases,[”*’] in which electrostatic
preorganization controls catalysis."’>) Whereas in most
directed-evolution experiments recursive cycles of mutagen-
esis/screening are required, the present “bare minimum”
approach involves a step-economical strategy. It remains to be
seen how general this concept is and whether slightly larger
amino acid alphabets comprising two or three amino acids
constitute viable alternatives.

Note added after online publication:

The second last sentence of the first paragraph of this
Communication:

“Since the degree of oversampling for 95 % library coveragel®
increases drastically as the number of residues of a given
randomization site increases (see Table S1 in the Supporting
Information), one can either settle for significantly less
coverage!™ and/or employ codon degeneracies encoding
reduced amino acid alphabets, such as NDT (12 amino
acids)!™® or even smaller alphabets (5-7 amino acids),'
which require less screening.”

is misleading and should be replaced by

“Since oversampling for 95% library coveragel® increases
drastically as the number of residues of a given randomization
site increases, one can either settle for less coverage,'
employ one and the same codon degeneracy encoding
a reduced amino acid alphabet at all positions of a random-
ization site (e.g., NDT/12 amino acids),"! or use a different
codon degeneracy at each position of a multiresidue site

www.angewandte.org
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which also reduces the screening effort,*! in the extreme case
involving only one amino acid in a ‘binary set” which likewise
allows for variation of many positions simultaneously (9 in
this case, of which 8 are binary."*! Here we present a different
mutagenesis strategy.”

Keywords: amino acid alphabet - directed evolution -
epoxide hydrolases - saturation mutagenesis - stereoselectivity
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