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ABSTRACT: Directed evolution of enzymes promises to eliminate the long-standing limitations of biocatalysis in organic 
chemistry and biotechnology - the often observed limited substrate scope, insufficient activity and poor regio- or stere-
oselectivity. Saturation mutagenesis at sites lining the binding pocket with formation of focused libraries has emerged as 
the technique of choice, but choosing the optimal size of the randomization site and reduced amino acid alphabet for 
minimizing the labor-determining screening effort remains a challenge. Here we introduce structure-guided triple-code 
saturation mutagenesis (TCSM) by encoding three rationally chosen amino acids as building blocks in the randomization 
of large multi-residue sites. In contrast to conventional NNK codon degeneracy encoding all 20 canonical amino acids and 
requiring the screening of more than 1015 transformants for 95% library coverage, TCSM requires only small libraries not 
exceeding 200~800 transformants in one library. The triple-code utilizes structural (X-ray) and consensus-derived se-
quence data, and is therefore designed to match the steric and electrostatic characteristics of the particular enzyme. Us-
ing this approach, limonene epoxide hydrolase has been successfully engineered as stereoselective catalysts in the hydro-
lytic desymmetrization of meso-type epoxides with formation of either (R,R)- or (S,S)-configurated diols on an optional 
basis and kinetic resolution of chiral substrates. Crystal structures and docking computations support the source of nota-
bly enhanced and inverted enantioselectivity.                                                                                                              
KEYWORDS: amino acid alphabet, directed evolution, epoxide hydrolases, saturation mutagenesis, stereoselectivity, 
triple code.

INTRODUCTION 

Directed evolution of stereoselective enzymes constitutes 
a prolific source of biocatalysts for asymmetric reaction.1 

In this endeavor the most commonly applied gene muta-
genesis methods are error-prone polymerase chain reac-
tion (epPCR), DNA shuffling and saturation mutagenesis 
(SM).1 SM at sites lining an enzyme binding pocket is a 
particularly powerful way to evolve stereo- and regioselec-
tive enzymes as catalysts in fine chemicals manufactur-
ing.1a,e If the initial libraries fail to harbor hits showing 
optimal catalytic profiles, iterative saturation mutagenesis 
(ISM) can be invoked, which consists of consecutive 
rounds of SM. SM has been used in other important ap-
plications, including the degradation of phosphorus-
based pesticides and chemical warfare agents,2,3 and in 
potential universal blood production.4  When evolving 
stereo- and/or regioselectivity, selection platforms5 or 
FACS-based display systems,6 normally capable of “han-
dling” super large libraries (≈1010), are generally not possi-
ble,7 which means that screening assays need to be ap-
plied.7,8  

Since screening is the labor-intensive step (bottleneck) 
when evolving enhanced or inverted stereoselectivity,1,8 
various attempts have been made for generating higher-
quality mutant libraries,1,9 including the use of reduced 
amino acid alphabets in SM,1e,10,11 Application of the Pat-
rick/Firth algorithm12 or the Nov metric13 enables the es-
timation of oversampling as a function of the size of the 
randomization site and of the number of amino acids 
used as building blocks1e,10,11(Supporting Information Table 
S1). Extensive multi-residue sites in combination with 
large amino acid alphabets (up to 20 canonical amino 
acids as defined by NNK codon degeneracy) ensure max-
imal structural diversity, but such scenarios maximize the 
screening effort, e.g., up to ≈1015 transformants in the case 
of a 10-residue site for 95% library coverage. To date, 
uncertainty persists concerning the optimal choice of a 
reduced amino acid alphabet and the number of residues 
in a randomization site. When opting for reduced amino 
acids in SM experiments, two different strategies can be 
applied: 1) Use of one and the same codon degeneracy for 
the whole multi-residue randomization site,10a-b or 2) use 
of a different codon degeneracy at each position of such a 
site.10c,11    
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In the present study we apply “triple code saturation mu-
tagenesis” (TCSM) in SM of relatively large multi-residue 
randomization sites using strategy 1 as a practical strategy 
for generating focused high-quality libraries requiring 
minimal screening (Fig. 1). Utilizing structural, mechanis-
tic and/or sequence10c data of an enzyme under study, a 
rational choice is made regarding three appropriate ami-
no acids as building blocks in SM, in addition to the 
wildtype (WT) amino acid. Then, 10 residues surrounding 
the binding pocket are identified on the basis of the crys-
tal structure followed by grouping them into typically 3- 
or 4-residue randomization sites. This is necessary be-
cause application of TCSM at a 10-residue site requires the 
screening of 3.14 x 106 transformants for 95% library cov-
erage. These choices constitute a viable “compromise” 
between structural diversity and amount of screening as 
shown by statistical analyses.12 Following SM and screen-
ing, ISM can be applied if necessary (Fig. 1). In order to 
illustrate the efficacy of this approach, we have applied 
the method to limonene epoxide hydrolase (LEH)14 which 
has been characterized by X-ray crystallography.15 The 
choice of this particular enzyme as the model system was 
made in view of previous directed evolution studies of 
LEH using other SM-based strategies,16,17 thereby allowing 
direct comparison of the different approaches.  

 

Figure 1. Steps in structure-guided triple code saturation 
mutagenesis (TCSM) as illustrated in the directed evolution 
of limonene epoxide hydrolase (LEH) as the catalysts in 
stereoselective transformations. The green letters in the 
parentheses (top) indicate the chosen triple code which 
defines the reduced amino acid alphabet used in SM of LEH. 
In this work, one and the same triple code (V-F-Y) was cho-

sen for each of the randomization sites: A (I80/V83/L114/I116, 
B (L74/M78/L147) and C (M32/L35/L103). 

RESULTS AND DISCUSSION 

Evolving enantioselective mutants of the epoxide 
hydrolase LEH. As the model reaction we chose the 
hydrolytic desymmetrization of cyclohexene oxide (1) 
with formation of (R,R)- and (S,S)-2 (Scheme 1). WT LEH 
results in minimal enantioselectivity (ee = 4%) in favor of 
(S,S)-2.  

 
Scheme 1. Hydrolytic desymmetrization of substrate 1 
catalyzed by LEH. 

 

Based on the crystal structure of LEH,15 10 residues lining 
the binding pocket were chosen for potential SM. Apply-
ing TCSM over such an extensive site would require the 
screening of about 106 transformants for 95% library cov-
erage. Therefore, they were grouped into three randomi-
zation sites A (I80/V83/L114/I116, B (L74/M78/L147) and C 
(M32/L35/L103) (Fig. 2). 

 Figure 2. The 10 residues lining the binding pocket of LEH, 
assigned to three randomization sites A (blue), B (green) and 
C (yellow). Residues were selected based on docking of sub-
strate 1 to the WT X-ray structure (PDB: 1NU3).15 

 

At this point a decision had to be made concerning the 
choice of the three amino acids as building blocks in 
TCSM. We were primarily guided by the LEH crystal 
structure15 which shows that the binding pocket is lined 
by residues having hydrophobic character. This suggests 
that amino acids with hydrophobic sidechains should be 
chosen, as in previous SM-based studies.16,17 In order to 
gain further confidence, we applied the consensus ap-
proach in directed evolution18 by first aligning 100 limo-
nene epoxide hydrolases and then focusing on the respec-
tive 10 residues lining the corresponding binding pockets. 
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The dominance of hydrophobic amino acids was clearly 
confirmed (Fig. S1), such amino acids as valine, leucine, 
isoleucine and phenylalanine being typical. Tyrosine is 
not included in the list, but we considered it as well be-
cause its para-hydroxyl group could engage in H-bonding. 
In our previous study,16 substitution using this amino acid 
had moderately positive effects.  

Based on the sum of these information-based guides, we 
chose valine (V), phenylalanine (F) and tyrosine (Y) as the 
triple code. Randomization at sites A, B, and C requires a 
screening effort for 95% library coverage of only 576, 192 
and 192 transformants, respectively.  

Catalytically active variants in libraries A, B and C were 
rapidly identified by the adrenaline on-plate pretest,19 
followed by GC analysis for enantioselectivity of the active 
hits. Library A contained the best mutants as shown in 

Figure 3a, the data for the other two libraries are summa-
rized in the SI (Table S2). It can be seen that three vari-
ants show (S,S)-selectivity in the range of ee = 96-99%, 
while the best (R,R)-selective variant I80V/L114F is not 
quite as selective (ee = 89%). Therefore, the latter was 
used as a template for ISM at sites B and C employing the 
triple code Val/Phe/Tyr, which led to distinctly improved 
(R,R)-selective mutants (ee = 97%) (Fig. 3b). Kinetic data 
of the best mutants can be found in the SI Table S3. The 
total search required the screening of only 1728 trans-
formants. As shown below in the Conclusions and Per-
spectives, the TCSM method is more efficient than previ-
ous approaches based on other SM techniques for engi-
neering stereoselective LEH variants.16,17  

 

 

Figure 3. (a) LEH variants originating from library A as catalysts in the model reaction of epoxide 1. (b) Improved (R,R)-selective 
variants resulting from ISM at sites B (purple arrow) and C (light green arrow).  

Understanding the source of evolved LEH enantiose-
lectivity. Structural and theoretical analyses of the 
evolved mutants provide detailed insight into the reshap-
ing of the active site and the effect on substrate binding. 
X-ray structures were obtained for the greatly improved 
(S,S)-selective variant SZ348 (I80Y/L114V/I116V - 3.0 Å 
resolution) and the stereo-inverted (R,R)-selective variant 
SZ529 (M32V/M78V/I80V/L114F - 2.25 Å resolution). 
Structural comparison between the wild-type (WT, PDB 
code 1NU3) and the two mutants shows very little differ-
ence in tertiary structure (SI Fig. S2). The overall struc-
tural elements can be superimposed with a root-mean-
square deviation (r.m.s.d.) of 0.24 and 0.688 Å for all 
atoms between the WT and the SZ348 and SZ529 mutants, 
respectively. The greater deviation in the case of SZ529 is 
mainly due to the C-terminal helix (residues 133-143 are 6-
residues shorter than the corresponding helix residues 
133-149 in WT and SZ348), which has rotated by ~ 35 de-
grees towards the active site pocket (Fig. 4a and SI Fig. 
S2). Figures 4c and 4d reveal that the variants SZ529 and 
SZ348 have undergone a significant change in shape of 
their active sites relative to WT LEH (Fig. 4b). These re-
sults clearly show that the correlation between reshaped 
binding pockets and altered stereoselectivity. Changes in 
hydrophobicity at the residues lining the binding pocket 
are shown in the SI (Fig. S3).  

 

Figure 4. (a) An enlarged view of the structural alignments 
of WT, SZ529 and SZ348. The highlighted C-terminal helix 
was colored in magenta for WT, cyan for SZ529, and green 
for SZ348, respectively. Mutations resulted in 6 residues 
missing and a 35° rotation of the C-terminal helix in the 
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SZ529 structure.	 Alterations in the shape of the LEH binding 
pocket induced by SM-based directed evolution as revealed 
by crystal structures. Surface representation of the binding 
pockets of WT LEH (b) and variants SZ529 (c) and SZ348 (d) 
reveal the changes in shape; D101 marks the aspartate that is 
known to form an activating H-bond to the O-atom of epox-
ides.  

In order to shed light on the origin of reversed enantiose-
lectivity, substrate 1 was docked into the active site of the 
SZ529 and SZ348 crystal structures. In order for the sub-
strate to undergo epoxide ring-opening by the active site 
water molecule, activation must occur via a hydrogen 
bond from the protonated D101 to the epoxide oxygen. 
For each of the mutants, only a single reactive docking 
pose was found in which this requirement is satisfied (as 
shown in Fig. 5). As discussed previously,15-17, 20 the carbon 

atom of the epoxide ring at which nucleophilic attack 
occurs determines the stereochemistry of the diol product. 
In the case of both mutants, the epoxide carbon atom 
closest to the nucleophilic water molecule in the docking 
poses is consistent with the experimentally observed ste-
reoselectivity. The positioning of Y80 in the SZ348 mutant 
(Fig. 5b) suggests that this residue may hydrogen bond to 
the epoxide oxygen, in addition to D101, further affecting 
the binding of the substrate in this mutant. Docking of 
substrate 1 was also performed to the WT enzyme: Two 
reactive docking poses were observed with similar scores, 
one favoring formation of (R,R)-2 and the other (S,S)-2 (as 
shown in SI Fig. S4). This is consistent with the low stere-
oselectivity observed for reaction of substrate 1 with WT 
LEH. 

 

Figure 5. Highest ranked docking poses for substrate 1 in the crystal structures of the SZ529 (a) and SZ348 (b) mutants of LEH. 
Nucleophilic attack at C1 and C2 of substrate 1 results in formation of the (R,R)-2 and (S,S)-2, respectively. Geometric parameters 
for these complexes are displayed in SI Table S4. 

   Expanding the substrate scope of LEH. Some of the 
best variants evolved for substrate 1 were tested as cata-
lysts in the hydrolytic desymmetrization of structurally 
different epoxides 3, 5 and 7 without performing any addi-
tional mutagenesis experiments (Scheme 2). It can be 
seen that in most, but not in all cases, high stereoselectiv-
ity was achieved (Table 1). The sterically smaller cyclopen-
tene oxide (3) is not accepted by any of the variants, an 
observation that was made previously when testing LEH 
variants that had been evolved for desymmetrization of 
substrate 1.16 

 

Scheme 2. Hydrolytic desymmetrization of further meso-
epoxides as substrates using the best variants evolved for 
epoxide 1. 
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Scheme 3. Hydrolytic kinetic resolution of styrene oxide 
(rac-9) using the best variants evolved for epoxide 1. 

The best variants were also tested for hydrolytic kinetic 
resolution of styrene oxide (rac-9) (Scheme 3). All of them 
induce reversed enantioselectivity compared to WT, vari-
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ant SZ351 reaching maximum (S)-selectivity amounting to E = 43 (Table 2). 

 

Table 1. Hydrolytic desymmetrization of different epoxides catalyzed by the best LEH variants evolved for substrate 1. 

 1 3 5 7 

Code ee% c% ee% c% ee% c% ee% c% 

WT 4 (S,S) >99 2 (R,R) 80 17 (S,S) 97 94 (R,R) >99 

SZ347 96 (S,S) 91 nd <5 81 (S,S) 16 0.2 (R,R) 7 

SZ348 99 (S,S) 97 10 (S,S) 5 98 (S,S) 81 4 (S,S) 89 

SZ351 97 (S,S) 98 10 (S,S) 5 93 (S,S) 63 14 (S,S) 93 

SZ366 93 (R,R) 97 nd <5 68 (R,R) 8 >99 (R,R) <5 

SZ369 95 (R,R) 98 nd <5 86 (R,R) 26 >99 (R,R) 28 

SZ380 96 (R,R) 98 nd <5 95 (R,R) 74 >99 (R,R) 73 

SZ386 94 (R,R) 91 nd <5 nd <5 nd <5 

SZ388 96 (R,R) >99 nd <5 87 (R,R) 46 >99 (R,R) 49 

SZ389 97 (R,R) >99 10 (R,R) <5 91 (R,R) 80 >99 (R,R) 68 

SZ390 95 (R,R) 96 nd <5 93 (R,R) 5 nd <5 

SZ391 95 (R,R) 98 10 (R,R) <5 85 (R,R) 58 97 (R,R) 57 

SZ398 96 (R,R) 98 nd <5 95 (R,R) 36 nd <5 

SZ529 97 (R,R) >99 10 (R,R) 8 94 (R,R) 83 >99 (R,R) 92 

nd: not determined.  

 

Table 2. Hydrolytic kinetic resolution of epoxide rac-9 
with best LEH variants evolved for substrate 1. 

Code ee% c% 
Favored 

enantiomer 
E 

WT 26 17 (R) 1.8 

SZ348 92 15 (S) 28 

SZ351 94 23 (S) 43 

SZ386 39 36 (S) 2.8 

SZ390 51 46 (S) 4.6 

SZ391 44 20 (S) 2.9 

 

CONCLUSIONS AND PERSPECTIVES 

The purpose of this study was to increase the efficacy of 
directed evolution of stereo- and regioselective enzymes. 
Lessons have been learned in terms of methodology de-
velopment and in uncovering the reasons for enhanced 
and reversed enantioselectivity of LEH mutants. We con-
clude that triple code saturation mutagenesis (TCSM) is a 
simple and effective means to explore protein sequence 
space at large randomization sites lining the binding 
pockets of enzymes, provided guidance is sought from 
crystal structures, consensus sequence data and mecha-
nistic considerations. The inherent knowledge-driven 
strategy constitutes a practical compromise between 
restricted structural diversity and screening effort. 

The results of the present study contrast with those of  
the initial report utilizing conventional ISM, in which 8 
CAST residues in WT LEH were chosen for randomization 
and grouped into four 2-residue sites.17 Unfortunately, 
such a scenario poses the problem of determining which 
of the 4! = 24 ISM pathways should be considered, since 
exploring all of them requires excessive screening.21 Sever-
al pathways were arbitrarily chosen, and following the 
screening of 5,000 transformants, which is twice as much 
as in the present study, the best hits showed the following 
improved but not fully satisfactory catalytic profiles.17 For 
epoxide 1 : 90% ee (R,R); 97% ee (S,S); epoxide 5 : 77% ee 
(R,R); 98% ee (S,S); epoxide 7 : 99% ee (R,R) versus 92% 
ee of WT LEH.   

The present approach also stands in contrast to the most 
recent study in which a 10-residue site in LEH was ran-
domized using a single amino acid alphabet in what can 
be called single code saturation mutagenesis (in that case 
valine), which required more than three times the screen-
ing effort for 95% library coverage (>3072 transformants) 
and provided only mediocre enantioselectivities (82-86% 
ee for (S,S)-variants and 70-76% ee for (R,R)-variants) in 
one and the same library.16 About 828 additional trans-
formants had to be screened to obtain variants that show 
96% ee (R,R-2) and 92% ee (S,S-2). A comparison with the 
previously published results16 based on single code satura-
tion mutagenesis is presented in Table 3.  
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Table 3. Comparison of screening effort of this work with 
single code saturation mutagenesis used in previous study. 

Library 

(code 
usage) 

Residues 
included 
in initial 
library 

Library 
size for 
95% 
coverage 

Best ee  
obtained 

Reference 

Valine  L74,F75, 

M78,I80, 
L103,L114, 

I116,F134, 
F139,L147 

3072 86% (S,S) 

76% (R,R) 

16 

ISM  828 92% (S,S) 

96% (R,R) 

16 

A  

(V-F-Y) 

I80,V83, 

L114,I116  

576 99% (S,S) 

89% (R,R) 

This work 

ISM  384 97% (R,R) This work 

 

Full library coverage is not mandatory in any SM experi-
ment, but it gives the researcher confidence that the best 
variants have not been missed.1e,13 TCSM-designed librar-
ies are so small that they can be screened by automated 
GC or HPLC, not only for notably reduced library cover-
age (e.g., 50%10a,b corresponding to the 53rd best variant 
according to the Nov algorithm13,22), which would require 
considerably less screening, but even when aiming for 
essentially full coverage (95%). Thus, the bottleneck of 
directed evolution of enzymes is no longer the screening 
step. When an on-plate pretest is used for identifying 
active variants, as demonstrated in this study, the actual 
ee-screening effort is even less. 

Relative to other methods such as epPCR or DNA shuf-
fling, CAST-based SM defines pre-determined boundaries 
in the vast protein sequence space ensuring high-quality 
focused libraries. Among the various SM strategies pres-
ently available,1a,e,10,11,16 structure-driven TCSM appears to 
be a logical choice. The number of recursive cycles of 
mutagenesis/expression/screening is limited. We recom-
mend that step-economy, a term borrowed from synthetic 
organic chemistry,23 should be considered in future di-
rected evolution studies more so than in the past. In fu-
ture TCSM-based work, the choice of the triple code can 
also be guided by in silico design and screening. 

Crystal structure analyses of stereoselective variants de-
rived from directed evolution are rarely performed,1,16,24 

yet they provide a unique opportunity to analyze on a 
more sound basis the effect of the mutations on the cata-
lytic profile. The crystal structures reported in this study, 
combined with docking computations, shed light on the 
origin of enhanced and reversed stereoselectivity and on 
the intricacies of the catalytic machinery of LEH. 

Finally, we comment on the hydrolytic desymmetrization 
of meso-configurated epoxides as a synthetic method for 
accessing enantiopure vicinal diols in organic chemistry. 
This asymmetric transformation remains a challenge 
using chiral transition metal complexes such as the Jacob-
sen chiral cobalt-catalysts, because these do not work well 

when water is the nucleophile, in contrast to other O- or 
N-nucleophiles.25 The same applies to chiral organocata-
lysts26  The state of the art appears to be List’s chiral or-
ganocatalysts based on BINOL-derived chiral phosphoric 
acids as catalysts using benzoate as the nucleophile at low 
temperatures (-5 to -40ο C) and reaction times of several 
days.26c  For example, in the desymmetrization of epoxides 
1, 5 and 7, enantioselectivities of 93%, 91% and 82% were 
reported, as assessed by measuring the respective mono-
benzoates of the 1,2-diols. Base-mediated deprotection 
then provides the respective 1,2-diols. Since EHs do not 
deliver O-protected derivatives,27 which may actually be 
desired in some circumstances, chiral organocatalysts and 
transition metal catalysts can be considered to be com-
plementary in this type of asymmetric catalysis.   

 

MATERIALS AND METHODS 

Materials 

KOD Hot Start DNA Polymerase was obtained from No-
vagen. Restriction enzyme Dpn I was bought from NEB. 
The oligonucleotides were synthesized by Life Technolo-
gies. Plasmid preparation kit was ordered from Zymo 
Research, and PCR gel extraction kit was bought from 
QIAGEN. DNA sequencing was conducted by GATC Bio-
tech. All commercial chemicals were purchased from 
Sigma-Aldrich, Tokyo Chemical Industry (TCI) or Alfa 
Aesar. Lysozyme and DNase I were purchased from Ap-
pliChem.  

 

PCR based methods for library construction 

Libraries were constructed using the Over-lap PCR and 
megaprimer approach with KOD Hot Start polymerase. 
50 µL reaction mixtures typically contained 30 µL water, 5 
µL KOD hot start polymerase buffer (10×), 3 µL 25 mM 
MgSO4, 5 µL 2 mM dNTPs, 2.5 µL DMSO, 0.5 µL (50~100 
ng) template DNA, 100 µM primers mix 0.5 µL each and 1 
µL 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) × 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) × 24 cycles, 68 °C 10 min, 16 °C 30 min. The 
PCR products were analyzed on agarose gel by electro-
phoresis and purified using a Qiagen PCR gel extraction 
kit. 2 µL NEB CutSmart™ Buffer and 2 µL Dpn I were add-
ed in 50 µL PCR reaction mixture and the digestion was 
carried out at 37 °C for more than 3 h. After Dpn I diges-
tion, the PCR products (1 µL) were directly transformed 
into electro-competent E. coliBL21(DE3) to create the final 
library for Quick Quality Control28 and screening.  

 

Primer design and Library creation 

Primer design and library construction depend upon the 
particular amino acid chosen, and in the case of LEH this 
involves ten residues which were divided into three 
groups (SI Fig. S5): 1) Amplification of the short fragments 
of LEH using mixed primers F1/R1, F2/R2 and F3/R3 for 
Library A, B and C, respectively; 2) Amplification of the 
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whole plasmid pET22bLEHwt16 using the products of step 
1 as megaprimers, leading to the final variety plasmids for 
library generation. Primers are listed in SI Table S5. The 
PCR products were digested by Dpn I and transformed 
into electro-competent E. coli BL21(DE3) to create the 
library for screening.  

Libraries A-B, A-C, A-B-C1, A-B-C2 and A-C-B were creat-
ed using the same procedure as mentioned above. All the 
primers used are listed in SI Table S6. 

 

Screening Procedures 

    Colonies were picked and transferred into deep-well 
plates containing 300 µL LB medium with 50 µg/ml car-
benicillin and cultured overnight at 37 °C with shaking. 
An aliquot of 120 µL was transferred to glycerol stock 
plate and stored at -80 °C. Then, 800 µL TB medium with 
0.5% (m/v) lactose and 50 µg/mL carbenicillin was added 
directly to the culture plate for 8 h at 28 °C with shaking 
for protein expression. The cell pellets were harvested and 
washed with 400 µL 50 mM pH 7.4 potassium phosphate 
buffer and centrifuged for 10 min 4000 rpm at 4 °C. Then, 
the pellets were resuspended in 400 µL of the same buffer 
with 6 U DNase I and 1 mg/mL lysozyme for breaking the 
cell at 30 °C for 1 h with shaking. The crude lysate was 
centrifuged for 30 min 4000 rpm at 4 °C. 40 µL of the 
supernatant was used for an adrenaline assay,19 then 110 
µL potassium phosphate buffer (50 mM, pH 7.4) with 5% 
acetonitrile and substrate 1 (final concentration 10 mM) 
were added. The plates were incubated at 30 °C, 500 rpm, 
3~4 h. Afterwards, NaIO4 solution (20 µL, 77 mg in 24 mL 
of water) was added and the plates were further incubat-
ed at 30 °C, 500 rpm, 10 min. Subsequently, adrenaline 
solution 20 µL (epinephrine 132 mg, water 24 mL, concen-
trated HCl (5 drops) for solubilizing the adrenaline) was 
added, which caused the immediate formation of a red 
color in the inactive reactions. Active variants gave color-
less wells. 300 µL rest supernatant of the active trans-
formants was transferred into new deep-well plates for 
reaction with 5 mM substrate 1 and 5% acetonitrile as co-
solvent for 14~16 h at 30 °C 800 rpm, the final volume was 
400 µL. The product and remaining substrate were ex-
tracted using equal volumes of ethyl acetate (EtOAc) for 
GC analysis by chiral column (SI Table S7). The screening 
results are shown in SI Table S2.  

Protein expression and purification 

     LEH and mutants SZ348 and SZ529 were inoculated 
into 250 mL shaking flasks of 40 mL LB containing 50 
µg/mL ampicillin and cultured overnight at 37 °C with 
shaking, and then scaled up to 4 flasks of 500 mL TB con-
taining 50 µg/mL ampicillin. When the OD600 reached to 
0.8, 0.4 mM IPTG was added to induce the protein ex-
pression. The cell cultures continued to grow overnight at 
16 °C before being harvested by centrifugation at 6,000 × g 
and resuspended in a Tris lysis buffer (25 mM, pH 8.0) 
containing 300 mM NaCl, 10 mM imidazole and 5 mM β-
mercaptoethanol. The cell pellets were disrupted by soni-
cator and the cell debris was removed by centrifugation at 

31,000 × g for 40 min. The soluble protein sample was 
loaded onto a nickel affinity column (GE Healthcare) and 
washed with 10~500 mM imidazole solution containing 
300 mM NaCl and 25 mM Tris-HCl (pH 8.0). Proteins 
from the flow through were pooled and concentrated, and 
then loaded onto a Superdex 75 Hiload 16/60 column (GE 
Healthcare) and eluted with 25 mM Tris-HCl (pH 7.5), 150 
mM NaCl and 1 mM DTT. Fractions containing highly 
pure LEH proteins were pooled and concentrated with 
Centricon filtration devices (Amicon). The protein con-
centrations were determined by the Bradford procedure. 

Measurement of kinetic parameters  

   The enzymatic hydrolysis rate was measured by moni-
toring the conversion of substrate by GC using 1-heptanol 
as the internal standard. Pure enzymes were added to 
potassium phosphate buffer (50 mM, pH 7.4) with a total 
volume of 400 μL containing epoxide of varied concen-
tration (2-64 mM) and 2.5% (v/v) of acetonitrile, and the 
reaction was performed at 30°C for 10 min with shaking 
(800 rpm). The reaction was terminated by the addition 
of 400 μL EtOAc containing 2.0 mM 1-heptanol. The 
mixture was vigorously mixed and the organic layer was 
separated by centrifugation at 4,000 rpm for 15 min. The 
EtOAc layer was analyzed by GC, the results are shown in 
Table S3. 

X-ray structural analysis 

    The SZ529 crystals were grown in 1.4 M sodium citrate 
and 0.1 M Hepes (pH 7.0) by the sitting-drop vapor diffu-
sion method at 4 °C. The SZ348 variant was crystallized in 
2.4 M sodium/potassium phosphate, 0.1 M Tris-HCl 
(pH8.5) by the sitting-drop vapor diffusion method at 18 
°C. Proteins (SZ529 at 21 mg/mL while SZ348 at 16 
mg/mL) were mixed in a 1:1 ratio with the reservoir solu-
tion in a final volume of 4 μL and equilibrated against the 
reservoir solution. Single crystals of SZ529 were obtained 
directly, whereas single crystals of SZ348 were achieved 
by adding additive such as 3% xylitol or 3% D-Sorbitol. All 
crystals were mounted in nylon loops and flash-frozen in 
liquid nitrogen. The cryoprotectant for SZ529 crystals 
contained 1.6 M sodium citrate, 0.1 M Hepes (pH7.0) and 
30% sucrose while the cryoprotectant for SZ348 crystals 
consisted of 2.4 M sodium/potassium, 0.1 M Tris-HCl 
(pH8.5). Diffraction data of SZ529 were collected at the 
wavelength of 1.5418 Å on a Raxis IV++ imaging plate de-
tector at 100 K. Diffraction data of SZ348 was collected at 
the wave length of 0.97853 Å using a Pilatus detector at 
beamline BL19U of Shanghai Synchrotron Radiation Facil-
ity (SSRF) at 100 K. All data sets were indexed, integrated, 
and scaled using the HKL2000 package.29 The structures 
of SZ529 and SZ348 were solved by molecular replace-
ment method using the program PHASER30 and the coor-
dinate of wild-type LEH (PDB code 1NU3) as a search 
model. Rounds of automated refinement were performed 
with PHENIX31 and the models were extended and rebuilt 
manually with COOT.32 The structures of SZ529 and 
SZ348 were refined to 2.25 and 3.0 Å, respectively. The 
statistics for data collection and crystallographic refine-
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ment are summarized in Table S8. All structural figures 
were prepared using Pymol (http://www.pymol.org/) 
except for Figure S3 which was drawn by Discovery Studio 
Visualizer.33 

Docking calculations 

The crystal structure of WT LEH was used as the starting 
structure for the docking of substrate 1 to the WT (PDB 
entry 1NU3).15 The apo crystal structures of the SZ529 and 
SZ348 mutants were used for docking to the respective 
mutants. The protein structures were prepared for dock-
ing using the Protein Preparation Wizard in Maestro.34 
The positions of all hydrogen atoms were energy mini-
mized using Prime. Preparation of substrate 1 for docking 
was performed using LigPrep.35 Docking was performed 
using Glide,36 with a rigid protein and standard precision 
(SP) settings. The docking calculations were restricted 
such that a hydrogen bond must be formed between the 
substrate and the protonated D101. A maximum of 10 
docking poses were allowed for each model, but no more 
than 8 were found for a given mutant.  
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