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Comparing Different Strategies in Directed Evolution of Enzyme

Stereoselectivity:
Mutagenesis

Single

Versus

Double Code Saturation

Zhoutong Sun®®! Richard Lonsdale®®, Guangyue Li® " and Manfred T. Reetz**"!

Abstract: Saturation mutagenesis at sites lining the binding pocket of
enzymes constitutes a viable protein engineering technique for
enhancing or inverting stereoselectivity. Statistical analysis shows
that oversampling in the screening step (the bottleneck) increases
astronomically as the number of residues in the randomization site
increases, which is the reason why reduced amino acid alphabets
have been employed in addition to splitting large sites into smaller
ones. Limonene epoxide hydrolase (LEH) has previously served as
the experimental platform in these methodology efforts, enabling
comparisons between single code saturation mutagenesis (SCSM)
and triple code saturation mutagenesis (TCSM) which employ only
one versus three amino acids as building blocks, respectively. In the
present study the comparative platform is extended by exploring the
efficacy of double code saturation mutagenesis (DCSM) in which the
reduced amino acid alphabet comprises two members, chosen
rationally on the basis of structural information. The hydrolytic
desymmetrization of cyclohexene oxide is used as the model reaction
with formation of either (R,R)- or (S,S)-cyclohexane-1,2-diol. DCSM
proves to be clearly superior to the likewise tested SCSM, affording
both (R,R)- and (S,S)-selective mutants. The respective variants are
also good catalysts in the reaction of other further substrates. Docking
computations reveal the origin of enantioselectivity.

Introduction

Methodology development in directed evolution of stereoselective
enzymes is an important current task, aiming to enhance the
speed, efficacy and reliability of this widely practiced protein
engineering technique.™ Since screening for stereoselectivity,
activity and/or substrate scope is the labor-intensive bottleneck,
the goal is the creation of small and maximally “smart” mutant
libraries. In this endeavor, a stochastic process called saturation
mutagenesis (SM)? at sites lining the binding pocket has
emerged as the method of choice (dubbed CASTing) for many
enzymes."*'“® When employing NNK codon degeneracy
encoding all 20 canonical amino acids as building blocks, protein
sequence space and concurrent oversampling increases
astronomically as the size of a randomization site increases from
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one residue to, e.g., 10. Therefore, two “tricks” have been
proposed which offer a way out of this dilemma: 1) Splitting up a
large site into smaller ones, followed by iterative saturation
mutagenesis (ISM) if necessary;'%* and/or 2) Use of reduced
amino acid alphabets.!'9* Reduced amino acid alphabets have
been used previously for other purposes, e.g., studying whether
correct folds®™ and enzyme activity®™ are maintained when
employing less than the 20 canonical amino acids in protein
construction, or when applying a binary code in the production of
functional antibodies® or monobodies.”™ In the applications that
we focus on, consideration of oversampling is essential. The
necessary degree of oversampling for ensuring a certain degree
of library coverage that the operator stipulates, e.g., 95%, is
easily calculated using the CASTER computer aid
(www.kofo.mpg.de/en/research/biocatalysis),” which is based on
the Patrick/Firth algorithm.®® Alternatively, the Nov-metric can be
used to compute the n™ best mutant as a function of the number
of screened transformants.® One and the same reduced amino
acid alphabet as defined by the respective codon degeneracy can
be applied when randomizing combinatorially the whole multi-
residue site, or a different codon degeneracy can be chosen at
each individual position of a multi-residue site, likewise in a single
SM experiment.”

In the present study we compare the virtues and drawbacks of
two different approaches to SM using appropriately chosen codon
degeneracies for controlling stereoselectivity: Double code
saturation mutagenesis (DCSM) based on two amino acids as
building blocks versus single code saturation mutagenesis
(SCSM) utilizing only one amino acid, in both cases for the same
entire randomization site. In these and other reduced amino acid
alphabets, wildtype (WT) amino acids are included.'® In the
model system we employ limonene epoxide hydrolase (LEH)™
as the catalyst for the hydrolytic desymmetrization of cyclohexene
oxide (1) with formation of cyclohexane-1,2-diols (R,R)- or (S,S)-2
(Scheme 1). WT LEH shows minimal enantioselectivity in slight
favor of (S,S)-2 (4% ee). This experimental platform has already
been utilized in several previous directed evolution studies,
enabling further comparisons.'? In one approach, 10 CAST
residues were grouped into a single large site which was
randomized using SCSM with valine, phenylalanine or tyrosine
being tested as the sole building block, respectively.™® Valine
proved to be the superior building block in this particular enzyme.
When applying triple code saturation mutagenesis (TCSM)
employing three amino acids as building blocks in randomization,
even better results were obtained.™?
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Scheme 1. Hydrolytic desymmetrization catalyzed by mutants of
limonene epoxide hydrolase (LEH) generated by different
saturation mutagenesis strategies.

Results and Discussion

Generation and screening of mutant libraries. As in previous
directed evolution studies of LEH,*?9 the crystal structure of
wildtype (WT) LEH® served as a guide for choosing ten CAST
residues. This time they were grouped into two 5-residue
randomization sites, A5 (L74/F75/M78/180/L103) and B5
(L114/1116/F134/F139/L147) (Fig. 1), thereby setting the platform
for systematic comparison of SCSM and DCSM.

L74

F75 ' )
m78 A/ S

L103
180

Figure 1. LEH binding pocket featuring substrate 1 surrounded
by 10 CAST residues which are grouped into two 5-residue
randomization sites A5 (blue) and B5 (yellow).
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The crystal structure of WT LEH™® shows that almost all of the
residues surrounding the binding pocket have hydrophobic
character. Therefore, when designing a single or triple code, it
was logical to choose amino acids with hydrophobic sidechains.
In the case of the previous SCSM study™, valine, phenylalanine
or tyrosine were chosen, valine leading to the best results in
terms of enantioselectivity and activity, which was improved
further by ISM using one of the other two amino acids as building
blocks. In the TCSM study,** V-F-Y was chosen as the triple
code, which provided notably better results.

Based on these data, we chose valine for SCSM at
randomization sites A5 and B5, respectively. In each case, 92
transformants corresponding to ~95% library coverage were
assayed for activity, the hits (55) then being screened for
enantioselectivity using chiral GC. The results are summarized in
Table 1. The best (R,R)-selective mutant SZ539
(L74VIM78V/180V) originated from library A5, showing 77% ee. It
was then used as a template for SCSM at site B5, but this failed
to provide any improved variants.

In case of site B5, mutant SZ544 (L114V/1116V/F139V) was
discovered showing 75% ee in favor of (S,S)-2. This mutant
formed the basis of SCSM at site A5, which provided variant
S7634 (L103V/L114V/I116V/F139V) with enhanced (S,S)-
selectivity (89% ee). Further ISM was carried out using SZ639
(L74Vv/IM78V/I80V) and SZ634 (L103V/L114V/I116V/F139V) as
templates to visit the rest of the residues of L103/L114/1116/L147
and L74/M78/180/L147 with phenylalanine as building block,
respectively. The improved hits up to 92% ee were found in
library AB5-V-F-2. The best results are summarized in Table 1.

Table 1. Results of applying single code saturation mutagenesis (SCSM) to LEH-catalyzed hydrolytic desymmetrization of substrate 1.

Library %- Favored
(Code) Template Code Mutations ee% | conv. enantiomer AIT*
WT 4 99 (S,9)
S7537 L74V/L103V 7 97 (S,S)
A5-V WT S7538 L74V/I80V 61 98 (R,R) 92/96
(val) S7539 L74V/M78V/I80V 77 97 (R,R)
S7541 180V 75 97 (RR)
S7543 L114V/I116V/L147V 54 95 (S,S)
B5-V WT S7544 L114V/I116V/F139V 75 98 (S,9) 92/96
(Val) S7546 L114V/I116V 63 95 (S.S)
A5-V-B5-V
(Val) SZ539 S7639 L74V/M78V/I80V 77 97 (R,R) 92/96
SZ633 F75V/L103V/L114V/1116V/F139V 88 97 (S.9)
B5-V-A5-V S7544 S7634 L103V/L114V/I116V/F139V 89 99 (S.S) 92/96
(Val) SZ635 L114V/I116V/F139V 88 99 (S.9)
AB5-V-F-1
(Phe) SZ639 no improvement 46/48
S7662 L74F/M78F/L103V/L114V/1116V/F139V/L147F 90 89 (S.9)
AB5-V-F-2 S7634 S7663 L74F/M78F/L103V/L114V/I116V/F139V 90 95 (S,S) 46/48
(Phe) S7664 L74F/I80F/L103V/L114V/I116V/F139V 92 94 (S,9)
$Z665 L74F/M78F/IS0F/L103V/L114V/I116V/F139V 92 96 (S.9)

*A/T: Colonies picked/ computed colonies number for 95% coverage
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Before presenting the data obtained by application of DCSM,
the present SCSM strategy can be compared to the original
SCSM approach in which the same 10 residues formed a single
randomization site with valine also serving as the single code
followed by phenylalanine-based ISM.™! The final results of the
two approaches are comparable, but the screening effort differs
considerably. The advantage of grouping 10 residues into two 5-
residue compared with the previous study in which all residues
formed a single randomization site using valine as the single code
is the fact that the number of screened transformants has been
reduced by a factor of eight (from 3220 to 368).

The main goal of the present study was to compare SCSM with
DCSM within the same experimental framework as defined by the
two 5-residue randomization sites. In this case valine and
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phenylalanine were chosen as the double code (V-F) for
randomizing sites A5 and B5. In the A5-VF library using WT as
template, mainly (R,R)-selective variants were found, the two best
hits being M78F/I80V (80% ee) and M78V/I80V (75% ee) (Table
2). Enantioselectivity was then boosted by performing ISM. These
two mutants were then used as template to visit the B5 site with
generation of two libraries A5-B5-VF-1 and A5-B5-VF-2,
respectively. The best hits S2643 (M78F/I80V/L114F/L147V) and
SZ655 (M78V/I80V/L114F) reached =92% ee. On the other hand,
the initial B5-VF library contained the best (S,S)-selective variant
S7597 (L114V/1116V/IF139V/L147F) (85% ee). ISM based on
employing SZ597 as template and focusing randomization on site
A5 provided several improved mutants showing enantioselectivity
in the range 92-95% ee. The results are summarized in Table 2.

Table 2. Results of applying double code saturation mutagenesis (DCSM) based on valine-phenylalanine as building blocks to LEH-

catalyzed hydrolytic desymmetrization of substrate 1.

%- Favored
Library Template Code Mutations ee% conv. enantiomer AIT*
WT 4 99 (S.,S)
S7548 L74F 13 80 (S,9)
S7549 L74V/M78V/I80V 59 99 (R,R)
SZ550 L74F/M78F/I80F 53 99 (S,9)
S7551 F75VIM78F 54 92 (R,R)
S7553 180V 72 99 (RR)
AB-VF WT SZ574 M78F/180V 80 99 (RR) 552/486
S7575 M78F/I80V/L103V 68 99 (RR)
SZ576 F75V/IM78F/180V 71 98 (RR)
SZ577 L74F/M78V 58 100 (S.,S)
S7580 M78V/IB0V 75 99 (RR)
S7583 L74V/M78F/180V 80 98 (RR)
S7558 L114F 21 71 (R,R)
S7562 L114V/I116V/F139V 83 97 (S,9)
S7566 L114F/L147V 36 22 (R,R)
B5-VF WT S7569 L114V/1116V 72 86 (S,9) 368/324
S7570 L114V/I1116V/L147F 72 82 (S,9)
S7597 L114V/1116V/F139V/L147F 85 88 (S,S)
S7603 L114F/L147F 61 43 (R,R)
SZ605 L114V/I116V/F139V/L147V 82 99 (S,9)
S7640 M78F/I80V/L114F 90 98 (R,R)
A5-B5- SZ574 57641 M78F/180V 84 97 (RR) 368/324
VF-1 S7642 M78F/I80V/L114F/L147F 90 97 (R,R)
S7643 M78F/I80V/L114F/L147V 91 96 (RR)
A5-B5-VF-2 S7580 S7655 M78V/I80V/L114F 92 99 (RR) 368/324
SZ646 | L74F/M78F/I8OF/L114V/I116V/IF139V/L147F 94 96 (S,9)
S7648 M78V/I80F/L114V/1116V/F139V/L147F 92 98 (S,9)
B5-A5- S7597 S7649 I80F/L114V/1116V/F139V/L147F 93 92 (S,S) 552/486
VF-3 SZ650 L74F/ISOF/L114V/I116V/F139V/L147F 95 93 (S.9)
S7651 M78F/I80F/L114V/I116V/F139V/L147F 93 94 (S.S)
S7653 L74F/M78F/L114V/I116V/F139V/L147F 92 82 (S.9)

*A/T: Colonies picked/ computed colonies number for 95% coverage

Even though the particular version of SCSM in this study
involved the screening of only 460 transformants and provided
excellent (S,S)-variants, it failed to generate optimal (R,R)-
selective mutants. When comparing the present DCSM strategy
with the original SCSM approach described in the previous study
featuring best mutants (S,S)-selective (92%ee) and (R,R)-
selective mutants (up to 96% ee),*®! it becomes clear that similar
enantioselectivities occur in both cases. However, the total
screening effort in the original SCSM approach (4508

transformants) is about twice as high as in the present DCSM
strategy (2208 transformants).

Finally, we were interested in the outcome of applying DCSM
to the entire 10-residue randomization site in the absence of
splitting it into smaller sites (Fig. 1). Here again the double code
V-F was used, which means that =5x10* transformants would
have to be screened for 95% coverage of the respective library
C10-VF. However, in this case no effort was made to reach high
library coverage. Instead, only 1840 transformants were screened

3
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(3.5% library coverage). This is equal to the screening in the case
of DCSM with split libraries, thereby allowing for comparison. The
results show that several excellent (S,S)-selective variants were
evolved, the best one being SZ724
(L74F/M78F/IB0F/L114V/1116V/F139V) with 97% ee. Reversal of
enantioselectivity in favor of (R,R)-2 with 71% ee was also
achieved, but truly high levels were not detected (Table 3). When
aiming for both (S,S)- and (R,R)-selectivity, then splitting into two
smaller randomization sites each comprising five residues is the
superior strategy. Moreover, this approach allows for ISM using

10.1002/chic.201600296

the same building block whenever the initial library fails to fulfill all
requirements that the operator has defined. The results can also
be compared to our original study in which an even smaller
reduced amino acid alphabet (valine) was used to randomize the
same 10-residue site in LEH.™! In that case full library coverage
was easily achieved, leading to the discovery of both (S,S)- and
(R,R)-selective variants (86% ee and 76% ee, respectively).
Further optimization up to 92% ee (S,S) and 96% ee (R,R) was
possible by ISM using a different amino acid as the single code
(phenylalanine).

Table 3. Results of applying double code saturation mutagenesis (DCSM) based on valine-phenylalanine for ten residues in one library

to LEH-catalyzed hydrolytic desymmetrization of substrate 1.

Favored
Library Code Mutations ee% | c¢% | enantiomer AIT*
WT 4 99 (S,9)
SZ669 L74F/M78F/180V/L114V/1116V/F139V/L147V 88 99 (S,9)
SZ670 L74F/L103V/L114V/1116V/F139V 91 99 (S,S)
SZ672 L74V/M78F/I80V/L103V/1116V 16 94 (R,R)
SZ674 L74F/I80F/L103V/L114V/1116V/F139V/L147F 86 81 (S,S)
SZ675 L74F/M78V/I80V/L103V/L114V/L147V 19 94 (R,R)
C10- SZ676 L74F/L103F/L114V/F139V 42 56 (R,R) 1840/52488
VF SZ677 L74F/L114F/1116V/L147F 49 65 (R,R) (~3.5%
SZ678 L74F/I80F/L114V/I116V/F139V 95 97 (S,S) coverage)
SZ679 L74V/M78F/I80V/L103V/1116V/F139V 38 97 (R,R)
SZ681 L74F/M78V/L103V/L114V/1116V/F139V 86 96 (S,9)
SZ682 L74F/L103V/L114F/L147F 40 92 (R,R)
SZ724 L74F/M78F/180F/L114V/1116V/F139V 97 98 (S,9)
SZ806 L74F/M78F/I80F/L114V/1116V/L147F 91 97 (S,9)
SZ807 L74V/M78F/I80V/F139V 71 98 (R,R)
SZ808 L114V/1116V/F139V/L147V 82 97 (S,S)
SZ810 L74F/I80V 43 98 (R,R)
S7811 L74F/M78F/1I80V/L114V/1116V 83 98 (S,S)

*A/T: Colonies picked/ computed colonies number for 95% coverage

The different strategies based on the new data originating from
the present study are summarized in Scheme S1. The results
show that DCSM is the superior strategy relative to SCSM. It is
also more efficient than the previous SCSM approach."®! (see
Table 4). As previously demonstrated,™*? TCSM appears to be
even better than DCSM based on the data shown here. However,
when comparing TCSM directly with DCSM, it needs to be
pointed out that different sets of residues were selected and
different strategies for grouping single residues into larger

randomization sites were chosen in each case. The kinetic
parameters of the best mutants obtained from the DCSM strategy
were also compared with the kinetic profiles of the best variants
identified previously from application of SCSM and TCSM.**d
Significant differences in activity were not found, except that
variant SZ724 is four times as active as SZ348, both mutants
favoring (S,S)-2. In general, activity of the evolved variants
proved to be lower than that of WT LEH (Table 5).

Table 4. Comparative summary of different saturation mutagenesis strategies for the hydrolytic desymmetrization of substrate 1.

Strategy Library Grouping and residues included Total screening | Best hits Ref.
(code usage) transformants (library
coverage)
SCSM Val L74/F75/M78/180/L103/ 3220 (>95%) 86% (S,S) 1120]
L114/1116/F134/F139/L147 76% (R,R)
SCSM A5, B5, A5: L74/F75/M78/180/L103 368 (~95%) 89% (S,S) This study
A5—> B5 77% (R,R)
B5—» A5 B5: L114/1116/F134/F139/ L147
(Val)
DCSM A5, B5, A5: L74/F75/M78/180/L103 1840 (>95%) 95% (S,S) This study
A5—p B5 92% (R,R)
B5—» A5 B5: L114/1116/F134/F139/ L147
(Val/Phe)
DCSM Val/Phe L74/F75/M78/180/L103/ 1840 (~3.5%) 97% (S,S) This study
L114/1116/F134/F139/L.147 71% (R,R)
TCSM A B, C A: 180/V83/L114/1116 1344 (95%) 99% (S,S) 1z
A—»B—>C B: L74/M78/L147 97% (R,R)
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A—»C—»B C: M32/L35/L103

(Val/lPhe/Tyr)

Table 5. Kinetic parameters of best mutants from SCSM, DCSM and TCSM for hydrolytic desymmetrization of substrate 1.

Strategy Best Mutations ee% c% Km (MmM) Keat (S7) Keat/Km Ref.
mutants (s*Mh
WT 4(S,S) 99 6.70+0.45 0.82+0.017 122.39
SCSM S792 | L74F/M78F/L103V/L114V/1116 | 92(S,S) 99 11201
VIF139V/L147V 9.79+0.53 0.257+0.004 26.00
S7338 L74F/M78V/I80V/L114F 96(R,R) 83 4.96+0.58 0.241+0.008 49.00
DCSM SZ655 | M78V/I80V/L114F 92(R,R) | 99 | 34.07+121 | 0.64:0.01 18.78 This
SZ724 | L74FIM78F/I80F/L114V/1116V/ 20.32+2.64 0.51+0.02 25.09 study
F139V 97(S,S) 98
TCSM Sz348 | I180Y/L114V/I116V 99(S,S) 97 | 19.11#1.93 | 0.11+0.005 5.75 tred
S7529 M32V/IM78V/I80V/L114F 97(R,R) 99 10.12+0.81 0.18+0.005 17.78
Exploring substrate scope of best variants. Some of the best OH
hits obtained in the libraries described above were tested as LEH
catalysts in the reaction of other substrates, beginning with
.cor_rll_pglunc:ss ?r,hS and 7 (Sgkhemz: 2). The results ar: summfe\rlzec; 3 (n=1) (RR)- 4 (S.5)- 4
in Table 6. e_most stri ing eature concerns t.e reaction 0 5 (n=3) (RR)-6 (S.5)-6
cyclopentene oxide (3), which reacts sluggishly if at all. This
surprising phenomenon was also observed in an earlier study, in R R OH R WOH
which case a crystal structure of the respective LEH mutant o) LEH ]/ +
. ) : ) H,O
harboring 3 was obtained showing the substrate to be in a pose Yy
: . . R R” ‘OH R OH
not amenable to smooth ring-opening attack by activated _
water.!?) A similar explanation is likely to apply in the present 7 (R=CeHs) (RR)-8 (5.9)-8
case. In the case of the cyclic seven-membered epoxide 5,
excellent (S,S)-selectivity (>92-97% ee) at good conversion is Scheme 2. Further  meso-substrates  for  hydrolytic

desymmetrization catalyzed by LEH variants evolved for
substrate 1.

possible, the best (R,R)-selective variant leading to 85% ee at
moderate conversion.

Table 6. Results of testing the best LEH mutants evolved for epoxide 1 as catalysts in the hydrolytic desymmetrization of further meso-
substrates.

1 3 5 7
Code ee% %-conv. ee% %-conv. ee% %-conv. ee% %-conv.
WT 4(S,S) >99 13(R,R) 84 17(S,S) 97 93 (R,R) >99
S7640 90(R,R) 98 nd <5 nd <5 >99(R,R) 55
S7642 90(R,R) 97 nd <5 79(R,R) 27 >99(R,R) 41
S7643 91(R,R) 96 nd <5 75(R,R) 13 >99(R,R) 33
S7646 96(S,S) 97 79(S,S) 6 95(S,S) 49 94(R,R) 13
S7648 93(S,S) 94 81(S,S) 91(S,S) 72 71(R,R) 74
S7649 94(S,S) 96 nd <5 90(S,S) 39 76(R,R) 72
S7650 95(S,S) 93 nd <5 85(S,S) 25 >99(R,R) 15
S7651 94(S,S) 94 81(S,S) 10 92(S,S) 83 74(R,R) 91
S7653 95(S,S) 98 76(S,S) 10 93(S,S) 73 75(R,R) 19
S7655 92(R,R) 99 nd <5 85(R,R) 40 >99(R,R) 75
S7663 91(S,S) 96 nd <5 93(S,S) 74 44(S,S) 43
S7664 93(S,S) 99 nd <5 95(S,S) 60 8(R,R) 40
S7665 93(S,S) 99 nd <5 94(S,S) 56 6(S,S) 16
S7670 90(S,S) 93 nd <5 93(S,S) 85 23(S,S) 75
S7678 96(S,S) 97 85(S,S) 8 96(S,S) 62 67(R,R) 36
S7724 97(S,S) 98 85(S,S) 13 97(S,S) 73 90(R,R) 69

nd: not determined.
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Finally, we studied the hydrolytic kinetic resolution of styrene
oxide (rac-9) (Scheme 3). It can be seen that good (S)-selectivity
can be achieved (E = 40.2), as opposed to (R)-selectivity which
reaches a maximum of only E = 9.5 (Table 7).

o) HO OH
g
o
= LEH (R)-9 (R)-10
S
o) HO OH
AN f
rac-9 ©\v
+
(S)-9 (S)-10
Scheme 3. Hydrolytic kinetic resolution catalyzed by LEH

variants evolved for substrate 1.

Table 7. Results of testing the best LEH mutants evolved for
epoxide 1 as catalysts in the hydrolytic kinetic resolution of
styrene oxide (9).

9

Code eep(%) c% E

WT 21 (R) 46 1.8
SZ640 nd <5 -
S7642 nd <5 -
S7643 nd <5 -
S7646 nd <5 -
S7648 92 (S) 36 40.2
S7649 79 (R) 12 9.5
S7650 nd <5 -
S7651 91 (S) 36 35.3
S7653 nd <5 -
SZ655 57 (S) 7 3.8

10.1002/chic.201600296

SZ663 nd <5 B
SZ664 nd <5 B
SZ665 nd <5 B
SZ670 nd <5 B
S7Z678 82 (S) 15 11.6
SZ724 nd <5 B

Docking analysis for explaining the source of evolved
stereoselectivity. In order to shed some light on the possible
origin of the observed evolved stereoselectivity, we analyzed the
results of docking substrate 1 into homology models of the (R,R)-
selective mutant SZ655 (92% ee) and the (S,S)-selective mutant
SZ724 (97% ee) (Fig. 2). The mechanism of WT LEH is known to
involve substrate binding and activation by hydrogen bonding
between Aspl0l1 and the epoxide O-atom, followed by Sy2
reaction initiated by the attack of a correctly positioned and
activated water molecule.™ In the case of the (R,R)-selective
mutant, the binding mode of 1 is expected to position C1 closest
to the activated water molecule, while the reshaped binding
pocket of the (S,S)-selective mutant should position C2 closest to
the activated water molecule. Indeed, the highest ranked docking
pose for the SZ724 mutant places C2 closest to the nucleophilic
water oxygen, C1 being further away by 0.5 A. (Fig. 2a and Table
S1). Out of the 15 docking poses found for this mutant, the pose
shown in Figure la is the only one in which both the activating
hydrogen bond to D101 is present, and the epoxide ring carbon
atoms are close enough to the water molecule in order for
nucleophilic attack to occur. For the SZ655 mutant, two poses
were found in which both of these criteria were met,

corresponding to the two highest ranked poses. Both poses,
including the one displayed in Figure 2b, place the C1 atom
closest to the water oxygen (Table S1), consistent with the
experimentally observed preference for the formation of the
(R,R)-2.

vIs S
|

Figure 2. Highest ranked docking poses for cyclohexene oxide (1) in the (a) SZ724 and (b) SZ655 mutant models of LEH. The catalytic
residues are shown in white stick representation. The mutated residues are shown in green and blue for the SZ724 and SZ655 mutants,
respectively. Geometric parameters for the displayed docking poses are provided in Table S1.

Conclusions
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In previous studies,*? the hydrolytic desymmetrization of

cyclohexene oxide (1) catalyzed by limonene epoxide hydrolase
(LEH) with formation of (R,R)- and (S,S)-cyclohexane-1,2-diols (2)
served as a model system for testing different directed evolution
strategies. In the present study we have extended these efforts
by applying and comparing single code saturation mutagenesis
(SCSM) with double code saturation mutagenesis (DCSM). Both
approaches focus combinatorial randomization on sites lining the
binding pocket (CASTing),""*® and both proved to be successful.
However, the experimental data indicates that DCSM is the
superior approach. It should be mentioned that in directed
evolution of LEH as catalyst in the desymmetrization of 1, triple
code saturation mutagenesis (TCSM) using three appropriately
chosen amino acids is also more efficient than SCSM and
surpasses all alternative approaches.*?”

The best (R,R)- and (S,S)-selective variants are characterized
by sequences that have not been observed in previous CAST-
based directed evolution studies of LEH,™ but some of the point
mutations do in fact occur in earlier mutants. On the basis of
docking computations it was possible to develop simple models
for explaining the source of enhanced and inverted
stereoselectivity of the new variants. Some variants are also
viable catalysts in asymmetric reactions of several other
substrates. When focusing only on synthetic aspects, other
epoxide hydrolases should also be considered.™ Finally, we
emphasize once more that the appropriate choice of highly
reduced amino acid alphabets for beating the numbers problem in
directed evolution of stereoselective enzymes needs to be guided
by X-ray structures, consensus data or exploratory NNK-based
saturation mutagenesis at individual CAST sites."'%'?  The
optimal strategy will depend upon the particular enzyme under
study.

Experimental Section

Materials

KOD Hot Start DNA Polymerase was obtained from Novagen.
Restriction enzyme Dpn | was bought from NEB. The
oligonucleotides were synthesized by Life Technologies. Plasmid
preparation kit was ordered from Zymo Research, and PCR gel
extraction kit was bought from QIAGEN. DNA sequencing was
conducted by GATC Biotech. All commercial chemicals were
purchased from Sigma-Aldrich, Tokyo Chemical Industry (TCI) or
Alfa Aesar. Lysozyme and DNase | were purchased from
AppliChem.

PCR based methods for library construction

Libraries were constructed using the Over-lap PCR and
megaprimer approach with KOD Hot Start polymerase. 50 pL
reaction mixtures typically contained 30 puL water, 5 uL KOD hot
start polymerase buffer (10x), 3 pL 25 mM MgSQOg4, 5 pL 2 mM
dNTPs, 2.5 uL DMSO, 0.5 pL (50~100 ng) template DNA, 100 uM
primers mix 0.5 pL each and 1 pL KOD hot start polymerase. The
PCR conditions for short fragment: 95 °C 3 min, (95 °C 30 sec, 56
°C 30 sec, 68 °C 40 sec) x 32 cycles, 68 °C 120 sec, 16 °C 30
min. For mega-PCR: 95 °C 3 min, (95 °C 30 sec, 60 °C 30 sec,
68 °C 5 min 30 sec) x 24 cycles, 68 °C 10 min, 16 °C 30 min. The
PCR products were analyzed on agarose gel by electrophoresis
and purified using a Qiagen PCR gel extraction kit. 2 uL NEB
CutSmart™ Buffer and 2 yL Dpn | were added in 50 uL PCR
reaction mixture and the digestion was carried out at 37 °C for
more than 3 h. After Dpn | digestion, the PCR products (1 pL)
were directly transformed into  electro-competent E.
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coliBL21(DE3) to create the final library for Quick Quality Control
and screening.

Primer design and Library creation

Primer design and library construction depend upon different
grouping strategies and the particular amino acid chosen, and in
the case of LEH this involves ten residues which were divided
into two groups (Scheme 2): 1) Amplification of the short
fragments of LEH using mixed primers F1/R1 for A5, F2/R2 for
B5, F1/R1 and F2/R2 for C10, respectively; 2) using mixed
primers F1/R2 by over-lap PCR™ to create the full fragment for
C10, using the purified fragment from step 1 as template; 3)
Amplification of the whole plasmid pET22bLEHWt*?* using the
products of step 1 (A5, B5) or step 2 (C10) as megaprimers,
leading to the final variety plasmids for library generation. Primers
are listed in Tables S2-S4. The PCR products were digested by
Dpn | and transformed into electro-competent E. coli BL21(DE3)
to create the library for screening.

Screening Procedures

The same screening procedures described previously were used
to assay all libraries.*2>

Homology modelling
Models of the SZ724 and SZ655 mutants of LEH were

constructed by homology modeling, using the previously
determined crystal structures of the SZ792
(L74F/M78F/L103V/L114V/1116V/F139V/L147V) and  SZ338

(L74F/M78V/I80V/L114F) mutants as templates, respectively.?”!
Homology modeling was performed using the Structure Prediction
Wizard in Prime,*® using the knowledge-based approach.*?” The
resulting structures were refined and prepared for docking using
the Protein Preparation Wizard.*® Hydrogen atoms were added
according to the protonation states determined by PROPKA.
The protonation state of D101 was manually selected to be in the
protonated (neutral) form. The coordinates of the nucleophilic
water oxygen atom were copied from the WT LEH crystal
structure (PDB 1NU3)™™ following structural alignment with the
mutant structures, ensuring that the known activating hydrogen
bonds to Y53, N55 and D132 were formed. The positions of all
hydrogen atoms were energy minimized using the Impact
program™ and the OPLS2005 forcefield.

Docking of cyclohexene oxide.

The structure of cyclohexene oxide was built in the Maestro
program and prepared for docking using LigPrep."®! Docking was
performed to the prepared models of the SZ724 and SZ655
mutants using Glide®®” with standard precision (SP) settings. A
maximum of ten docking poses was requested for each model. A
total of 15 and 9 docking poses was obtained for the SZ724 and
SZ655 models, respectively. Activation of the epoxide ring
oxygen by D101 is a prerequisite for ring opening in LEH;
therefore, only the docking poses that contained this interaction
were considered during analysis.
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Two is better than one: Double code
saturation mutagenesis  (DCSM)
based on two amino acids as building
blocks is more efficient than single
code saturation mutagenesis (SCSM)
in the directed evolution of enzyme
stereoselectivity, as demonstrated by
the hydrolytic desymmetrization of
cyclohexene oxide catalyzed by
limonene epoxide hydrolase.
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