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A novel epoxide hydrolase from Glycine max, designated GmEH3, was excavated based on the computer-aided
analysis. Then, gmeh3, a GmEH3-encoding gene, was cloned and successfully expressed in E. coli Rosetta(DE3).
Among the ten investigated rac-epoxides, GmEH3 possessed the highest and best complementary
regioselectivities (regioselectivity coefficients, αS = 93.7% and βR = 97.2%) in the asymmetric hydrolysis of
rac-m-chlorostyrene oxide (5a), and the highest enantioselectivity (enantiomeric ratio, E = 55.6) towards rac-
phenyl glycidyl ether (7a). The catalytic efficiency (kcatS /Km

S = 2.50 mM−1 s−1) of purified GmEH3 for (S)-5a
was slightly higher than that (kcat

R /Km
R = 1.52 mM−1 s−1) for (R)-5a, whereas the kcat/Km (5.16 mM−1 s−1) for

(S)-7a was much higher than that (0.09 mM−1 s−1) for (R)-7a. Using 200 mg/mL wet cells of E. coli/gmeh3 as
the biocatalyst, the scale-up enantioconvergent hydrolysis of 150 mM rac-5a at 25 °C for 1.5 h afforded (R)-5b
with 90.2% eep and 95.4% yieldp, while the kinetic resolution of 500 mM rac-7a for 2.5 h retained (R)-7a with
over 99% ees and 43.2% yields. Furthermore, the sources of high regiocomplementarity of GmEH3 for (S)- and
(R)-5a as well as high enantioselectivity towards rac-7awere analyzed via molecular docking (MD) simulation.

© 2020 Published by Elsevier B.V.
1. Introduction

Epoxide hydrolases (EHs, EC 3.3.2.-), existing diffusely in almost all
living organisms, can catalyze the hydrolysis of racemic (rac-) epoxides
to their corresponding 1,2-diols [1]. Most of known EHs belong to an α/
β-hydrolase fold superfamily, and are divided into two major regions in
spatial structure: an α/β domain, i.e., a β-sheet surrounded by a cluster
of α-helices, and a cap domain, which is inserted by a cap-loop varied
in peptide length as well as residue composition [2]. The substrate-
binding pocket (SBP) is situated between the two above-mentioned do-
mains, harboring a catalytic triad (Asp-His-Asp/Glu) and two specific
Tyr residues serving as proton donors [3]. Generally, the ring-opening hy-
drolysis of epoxides byα/β-hydrolase fold EHs proceeds in the following
steps (Fig. 1). The substrate isfirst activated via the formationof hydrogen
bonds with two proton donors. Secondly, two carbon atoms (Cα and Cβ)
in the oxirane ring of (S)- or (R)-epoxide are regioselectively attacked by
a nucleophilic side-chain oxygen of Asp residue in EH's catalytic triad,
forming an EH-hydroxyalkyl intermediate. Finally, a water molecule acti-
vated by general-base His and charge-relay Asp/Glu interactswith the in-
termediate, generating a 1,2-diol [4]. Based on the stereochemical
c@126.com (M. Wu).
uted equally to this work.
outcomes of specific EH-epoxide pairs, the asymmetric hydrolysis of
rac-epoxides was generally classified into two major pathways: the ki-
netic resolution and enantioconvergent hydrolysis [5]. EHs applied in
the kinetic resolution of rac-epoxides must have high enantioselectivity
(E value), thus, retaining enantiomeric epoxides with over 99% enantio-
meric excess (ees) and up to 50% maximum yields, and in the
enantioconvergent hydrolysis both high regiocomplementarity and low
E value, producing chiral 1,2-diols with high enantiopurity (eep) and up
to 100% theoretical yieldp [6].

Enantiopure epoxides and 1,2-diols are versatile and highly value-
added building blocks for synthesis of pharmaceutical, fine chemical
and agrochemical products [7]. For examples, (S)-5a is used for the syn-
thesis of BMS-536924, an IGF-1R kinase inhibitor for regulation of
in vivo antitumor activity [8,9], while (S)-7a for (S)-Levobunolol, a β-
adrenergic blocking agent applied in the treatment of glaucoma
[10,11]. With the sustainable development of global industrialization,
the biocatalysis by whole cells or enzymes has been regarded as a fun-
gible method for chemocatalysis that requires expensive chiral ligands,
environment-unfriendly catalysts and harsh reaction conditions, exam-
pled by Jacobsen epoxidation and Sharpless dihydroxylation [12]. The
regio- and enantio-selective hydrolysis of rac-epoxides by EHs, an eco-
nomical and sustainable way with satisfactory enantiopurity and yield
of the target products, is considered to have great application prospects
in producing enantiopure epoxides and 1,2-diols [13]. To date,
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Fig. 1. The hydrolytic mechanism of α/β-hydrolase fold EHs.
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numerous EHs have been heterogeneously expressed, characterized,
and modified. However, to our knowledge, a certain EH is not likely to
catalyze a variety of rac-epoxides optimally. Reportedly, a plant-
derived EH, SlEH1, can mediate the kinetic resolution reactions of
epoxy styrene derivatives effectively, but displayed very low
enantioselectivities (E = 1.0–2.3) towards glycidyl ether and aliphatic
chain epoxide derivatives [14]. For another example, an Aspergillus
usamii EH (AuEH2), only its catalytic properties in stereoselective ring-
opening of rac-1awas investigated, however, its moderate E value and
low regiocomplementarity resulted in merely 38.0% yields of retained
(S)-1a (99.2% ees) and very low eep of (R)-1-phenyl-1,2-ethanediol,
that is (R)-1b [15]. Therefore, to provide more options for efficiently
producing chiral epoxides and 1,2-diols with high enantiopurities (ees
and eep) and yields (yields and yieldp) from diverse rac-epoxides, it is
necessary to excavate novel EHs with excellent catalytic properties
and expected stereochemical outcomes, and/or to reshape some local
structures of existing EHs by protein engineering [16].

Selecting the sequence of a characterized Phaseolus vulgaris EH
(PvEH3, GenBank no. ATG22745) [17] as the template, a hypothetical
EH from G. max (XP_006604802), renamed GmEH3 in this work, was
explored based on the homologous sequence search and multiple se-
quence alignment. Then, the gene coding forGmEH3, gmeh3, was ampli-
fied from G. max total RNA by RT-PCR, and successfully expressed in
E. coli Rosetta(DE3). The substrate spectrum assay of GmEH3 towards
ten rac-epoxides (1a–10a) was carried out using whole cells of E. coli/
gmeh3 (Fig. 2). The intracellularly expressedGmEH3was purified to ho-
mogeneity, whose kinetic parameters, such as Km and Vmax, for (S)- and
(R)-5a (or 7a) were assayed. Additionally, the scale-up
enantioconvergent hydrolysis of rac-5a and kinetic resolution of rac-
7a at high concentrations were conducted, respectively, using whole
cells of E. coli/gmeh3. Moreover, the molecular mechanisms of GmEH3
with high and complementary regioselectivities for (S)- and (R)-5a as
well as high enantioselectivity towards rac-7awere elucidated via ana-
lyzing and comparing the parameters of simulatedly docked EH-
epoxide complexes.
2. Materials and methods

2.1. Strains, plasmids, and chemicals

E. coli JM109 and plasmid pUCm-T (Sangon, Shanghai, China) were
applied to gene cloning, while E. coli Rosetta(DE3) and a cold-shock
pCold II (TaKaRa, Dalian, China) to the expression of gmeh3. All enzymes
and kits for G. max total RNA extraction and gmeh3 manipulation were
purchased from Sangon or TaKaRa. Rac-1a, 6a–10a, and (S)- and (R)-
5a (and 7a) were from Energy (Shanghai, China), while rac-2a–5a
were chemically synthesized in our lab (Table S1). Other chemicals
were of analytical grade, and commercially available from the local
companies (Wuxi, China).

2.2. Exploration in GenBank database and analysis of EH sequences

Using a characterized EH, PvEH3, as the template, several hypothet-
ical plant EH sequences with unknown functionswere searched at NCBI
website (https://www.ncbi.nlm.nih.gov/) by a BLAST server. Among
them, a hypotheticalG.max EH (hGmEH, XP_006604802),which shared
the highest primary structure identity, was selected. The multiple se-
quence alignment of hGmEH with six characterized plant-derived EHs
was conducted using the ESPript 3.0 server (http://espript.ibcp.fr/).
Based on the analysis of their conserved motifs, hGmEH was identified
as the research object. Additionally, the phylogenetic tree of various
representative EHs was built using the Observed Divergency method
in the DNAMAN 6.0 software (https://www.lynnon.com/).

2.3. Enzyme activity and protein assays

The hydrolytic conditions of rac-1a for GmEH3 activity assay were
set as follows: 950 μL E. coli/gmeh3 cell suspension or purified GmEH3
solution, suitably diluted with 100 mM Na2HPO4-NaH2PO4 buffer
(pH 7.0), was well mixed with 50 μL 200 mM rac-1a (at the final con-
centration of 10 mM), incubated at 25 °C for 10 min, and terminated
by addition of 4mLmethanol. Then, the hydrolytic samplewas analyzed
by high-performance liquid chromatography (HPLC), using an e2695
apparatus (Waters, Milford, MA) equipped with an XBridge BEH C18
column. The mobile phase of methanol/H2O (7:3, v/v) was applied at
0.8 mL/min, and real-time monitored using a Waters 2489 UV–Vis de-
tector. One unit (U) of EH activity was defined as the amount of whole
wet cells of E. coli/gmeh3 or purified GmEH3 hydrolyzing 1 μmol rac-
1a per minute under the above conditions. Analogously, the hydrolytic
reactions of 10 mM rac-2a–10a for the assay of GmEH3 activities were
carried out, respectively, by substituting rac-1a with them. The hydro-
lytic samples were analyzed by HPLC and gas chromatography (GC)
using a GC-2010 apparatus (Shimadzu, Tokyo, Japan), equipped with
various chiral chromatography columns at the operating conditions
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Fig. 2. Stereoselective hydrolysis of ten rac-epoxides (rac-1a–10a) using whole cells of E. coli/gmeh3.
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corresponding to these columns, which are entirely dependent on the
physicochemical properties of retained epoxides and/or generated 1,2-
diols (Table S2).

The expression level of GmEH3 and its purification grade were visu-
ally assayed by sodium dodecyl sulfate-polyacrylamide gel electropho-
resis (SDS-PAGE) on a 12% agarose gel. Its apparent molecular weight
(MW) was estimated using the Quantity One software (https://www.
bio-rad.com/) by comparison with those of the standard proteins. The
protein concentration was determined using a BCA-200 protein assay
kit (Pierce, Rockford, IL), using bovine serum albumin as the standard.
2.4. Cloning and expression of a gene encoding GmEH3

Several mature soybean (G. max) seeds from the local supermarket
(Wuxi, China) were soaked, and incubated at 27 °C for three days.
Then, the sprouts were harvested, and washed with phosphate buffer.
The total RNA was extracted using the UNIQ-10 column Trizol total
RNA isolation kit, from which gmeh3 was amplified using the
PrimeScript RT-PCR kit. Firstly, a pair of PCR primers, gmeh3-F (5′-
CATATGGAGGGAATAGA GCACAGGACAG-3′) and gmeh3-R (5′-CTCG
AGTCAAAACTTGTTGATGAAATCGTGT-3′) flanked by Nde I and Xho I
sites, were designed according to the 5′- and 3′-end nucleotide se-
quences of the hGmEH-encoding mRNA (XM_006604739) and synthe-
sized by Sangon. Secondly, the first-strand cDNAs were reversely
transcribed from the total RNA using an Oligo dT-Adaptor primer pro-
vided by RT-PCR kit according to its protocol. Then, using the tran-
scribed cDNAs as templates, gmeh3 was amplified with the above
primers, gmeh3-F and -R, as following conditions: an initial denatur-
ation at 94 °C for 3 min, 30 cycles of at 94 °C for 30 s, 55 °C for 30 s
and 72 °C for 60 s, and an extra elongation at 72 °C for 10 min. Finally,
the amplified target PCR product, gmeh3, was directly ligatedwith a lin-
earized pUCm-T and transformed into E. coli JM109, followed by DNA
sequencing.

The correct gmeh3was excised from a recombinant plasmid, pUCm-
T-gmeh3, by Nde I and Xho I, and then inserted into pCold II digested
with the same restriction endonucleases. The resulting recombinant
plasmid, pCold II-gmeh3, was transformed into E. coliRosetta(DE3), con-
structing an E. coli transformant, E. coli/gmeh3. Comparatively, E. coli Ro-
setta(DE3) transformed with pCold II, E. coli/pCold II, was used as the
negative control. The expression of gmeh3was carried out as previously
described [18], except for induction by 0.05 mM IPTG at 15 °C for 14 h.
The induced E. coli/gmeh3 cells were harvested by centrifugation, and
resuspended in 100 mM phosphate buffer (pH 7.0) to 200 mg/mL wet
cells, unless stated otherwise, used as the whole-cell biocatalyst.
2.5. Investigation of enantio- and regio-selectivities of GmEH3

The hydrolytic reactions of rac-epoxides, in ten aliquots of 3 mL
100 mM phosphate buffer (pH 7.0) systems consisting of 20 mM rac-
1a-10a, respectively, and a certain amount of E. coli/gmeh3 wet cells,
were conducted at 25 °C. During the hydrolytic process of each rac-
epoxide, aliquots of 50 μL samples were drawn periodically, extracted
with 950 μL ethyl acetate, and analyzed by chiral HPLC or GC (Table S2).
The conversion ratio (c) of each rac-epoxidewas defined as the percent-
age of its hydrolyzed amount to initial amount, while the yields of an en-
antiomeric epoxide such as (R)-7a (or yieldp of a chiral 1,2-diol such as
(R)-5b) was referred as the percentage of its retained (or its generated)
amount to initial one of rac-epoxide. The absolute configurations of en-
antiomers of rac-1a–10a and rac-1b–10bwere confirmed by comparing
their peaking sequences with the corresponding ones reported previ-
ously [7,15,16]. The ees of epoxide enantiomers and eep of 1,2-diols
were calculated according to the equations: ees = [(Rs − Ss) /
(Rs + Ss)] × 100% and eep = [(Rp − Sp) / (Rp + Sp)] × 100%, in which
Rs and Ss were the instantaneous concentrations of (R)- and (S)-epox-
ides, while Rp and Sp the concentrations of (R)- and (S)-1,2-diols.

The E value was applied to evaluate the degree of
enantiopreferential hydrolysis of one enantiomer over its antipode.
Based on the c and ees values determined above, the E value of GmEH3
was calculated: E = ln [(1 − c) × (1 − ees)] / ln [(1 − c) × (1 + ees)]
[7]. When the substrates were a pair of enantiomers of a given rac-
epoxide, the E value, having enantiopreference for (S)-form, also can
be derived via calculating the ratio of catalytic efficiency, that is, (kcatS /
Km
S )/(kcatR /Km

R ). Additionally, the regioselectivity coefficients, αS (or
βS = 1 − αS) and βR (or αR = 1 − βR), of an EH for (S)- and (R)-
enantiomers were used to estimate the probabilities attacking on the
Cα (a more hindered carbon atom in the oxirane ring) of (S)-
enantiomer and the Cβ (a less hindered terminal carbon) of (R)-form,
respectively [14]. The αS and βR values of GmEH3 for (S)- and (R)-5a
(or 7a) can be directly obtained according to the concentration ratios
of produced (R)- and (S)-5b (or 7b), respectively. Besides, based on
the c, ees and eep values those were measured at different time points,
the αS and βR values of GmEH3 for the other eight pairs of (S)- and
(R)-enantiomers of epoxides (rac-1a–4a, 6a, 8a–10a) were derived
fromlinearregression:eep=(αS+βR−1)+[(βR−αS)×ees×(1−c)]/
c [14].

2.6. Purification of the intracellularly expressed GmEH3

The IPTG-induced and harvested E. coli/gmeh3 cells, intracellularly
expressingGmEH3with a 6 ×His tag at its N-terminus, were suspended
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in buffer A (20 mM Tris–HCl, 500 mM NaCl and 30 mM imidazole,
pH 7.5) to 100 mg/mL wet cells. After disrupting the cells by ultrasonic
and removing cell debris, the resulting supernatant was loaded onto a
nickel-nitrilotriacetic acid (Ni-NTA) affinity column (Tiandz, Beijing,
China) preequilibrated with buffer A, and followed by elution at
0.4mL/minwith buffer B as the same as buffer A, except for 300mM im-
idazole. Aliquots of 1 mL eluents only containing the target EH assayed
by SDS-PAGE were pooled, dialyzed against 20 mM phosphate buffer
(pH 7.0), and concentrated using a 10 kDa cut-off ultrafilter membrane
(Millipore, Billerica, MA).

2.7. Assay of the kinetic parameters of purified GmEH3 towards enantio-
meric 5a or 7a

The initial hydrolytic rates (μmol/min/mg protein) of (S)- and (R)-5a
(or 7a) catalyzed by purified GmEH3were determined under the EH ac-
tivity assay conditions, except for the concentrations of (S)- and (R)-5a
(or 7a) ranging from 0.5 to 20 mM. Both the Km and Vmax values of
GmEH3 were calculated by non-linear regression analysis using an Ori-
gin 9.0 software (http://www.orignlab.com/). The turnover rates (kcat)
of GmEH3 for (S)- and (R)-5a (or 7a) was deduced from its apparent
MW and Vmax, while its catalytic efficiency (kcat/Km) was defined as
the ratio of kcat to Km. All kinetic parameters from three independent
replicates were expressed as the mean ± standard deviation (SD).

2.8. Scale-up enantioconvergent hydrolysis of rac-5a by E. coli/gmeh3

The regioselective hydrolytic reactions, in four aliquots of 2 mL
100 mM phosphate buffer (pH 7.0) systems containing 200 mg/mL
wet cells of E. coli/gmeh3 and rac-5a at concentrations ranging from 50
to 200 mM, were carried out, respectively, at 25 °C within 8.0 h. Using
the c and eep values as the criteria, the maximum allowable concentra-
tion (MAC) of rac-5a was first confirmed. Subsequently, the scale-up
enantioconvergent hydrolysis of rac-5a at MAC was carried out in the
50 mL phosphate buffer system. During the hydrolytic process, aliquots
of 50 μL reaction samples were drawn periodically, extracted with
950 μL ethyl acetate, and then analyzed by chiral HPLC with a Chiralcel
OD-H column (Daicel, Osaka, Japan) until rac-5awas almost completely
hydrolyzed (c> 99%). In addition, the space-time yieldp (STYp, g/L/h) of
(R)-5b, which was defined as the amount of (R)-5b produced from rac-
5a per unit volume and time, was calculated to evaluate its production
efficiency.

2.9. Scale-up kinetic resolution of rac-7a by E. coli/gmeh3

The enantioselective hydrolytic reactions, in six aliquots of 2 mL
100 mM phosphate buffer (pH 7.0) systems consisting of 200 mg/mL
wet cells and rac-7a at elevated concentrations from 100 to 600 mM,
were conducted, respectively, at 25 °Cwithin 8.0 h, and analyzed by chi-
ral HPLC with the Chiralcel OD-H column (Table S2). Using the ees and
yields of (R)-7a as the criteria, the MAC of rac-7a was confirmed. The
gram-scale kinetic resolution of rac-7a at MAC in the 30 mL phosphate
buffer system was conducted until the ees of (R)-7a reached over 99%.
The STYs (g/L/h) of (R)-7awas defined as the amount of (R)-7a retained
from rac-7a per unit volume and time.

2.10. Homology modeling of GmEH3 and enantiomeric 5a or 7a

Using a known crystal structure of a Vigna radiata EH (VrEH1, PDB:
5XMD) at 2.00 Å resolution as template, which shares 72.3% primary
structure similarity withGmEH3, the three-dimensional (3-D) structure
of GmEH3 was homologically modeled using MODELLER 9.21 program
(https://salilab.org/modeller/), and then subjected to themolecularme-
chanics optimization using the CHARMM27 force field in the GROMACS
4.5 package (https://www.gromacs.org/). One 3-D conformation with
the best geometry quality was selected from all the output ones, and
further validated using the SAVES program (http://services.mbi.ucla.
edu/SAVES/). Synchronously, the 3-D structures of four enantiomeric
substrates, (S)- and (R)-5a (and 7a), were constructed and disposed in
minimized energy using the MM2 force field in the ChemBioOffice
2010 package (https://www.cambridgesoft.com/).

2.11. Molecular docking simulation of GmEH3 with enantiomeric 5a or 7a

The mutual action between the modeled 3-D structures of GmEH3
and (S)- or (R)-5a (or 7a) was predicted by MD simulation using the
AutoDock vina program (https://autodock.scripps.edu/), and optimized
by the GROMACS 4.5 package to locate the most appropriate binding
sites and steric orientation, that is, a binding state having the lowest
binding free energy (ΔGbinding) [15]. The ΔGbinding value of each docked
complex was calculated by using the molecular mechanics Poisson-
Boltzmann surface area (MM-PBSA)method [16]. Based on the 3-D con-
formations of simulatedly docked EH-epoxide complexes, such as
GmEH3-(S)-5a and -(S)-7a, the through-space distances (dα and dβ)
and the hydrogen bond lengths (l1 and l2) were identified using a
PyMol software (http://pymol.org/). The dα or dβwasdefined as the dis-
tance between the nucleophilic side-chain oxygen of Asp101 residue in
GmEH3 and Cα or Cβ in the oxirane ring of (S)- or (R)-5a (or 7a), as
well as the l1 or l2 was the hydrogen bond length from the hydroxyl
group of Tyr152 or Tyr234 residue (proton donor) to the oxygen atom
in an oxirane ring.

3. Results and discussion

3.1. Excavation of a novel EH based on the computer-aided analysis

One hGmEH, which shared the highest sequence identity of 81.3%
with a characterized PvEH3 [17], was selected. Then, its multiple se-
quence alignment with six known plant EHs (sharing over 55% identity
with hGmEH) was carried out (Fig. 3a). The alignment result indicated
that hGmEH contained the three typical conserved motifs existing in
all α/β-hydrolase fold EHs: HGXP, GXSmXS/T and SmXNuXSmSm, in
which X, Sm and Nu were any, small and nucleophilic residues, respec-
tively [14,18]. Itwas confirmed that HGXPmotif forms an oxyanion hole
to stabilize the negative charge of a nucleophilic side-chain oxygen of
Asp in EH's catalytic triad during the hydrolysis [19]. The catalytic
triad of hGmEH was confirmed as Asp120-His316-Asp281. In addition, its
two proton donors were also conserved as Tyr169 and Tyr251. It was ver-
ified that two specific Tyr residues play important roles in substrate
binding and ring-opening via forming hydrogen bonds with the oxygen
atom in oxirane ring [4,20]. Owing to the above analytic results, it was
speculated that hGmEH may have catalytic activity towards epoxides.
Thus, hGmEH was renamed as GmEH3, and identified as the research
object for the cloning and heterologous expression of a gene coding
for GmEH3, as well as the investigation of its catalytic performances.
Furthermore, the phylogenetic tree analysis on the sequences of
hGmEH and 14 representative EHs revealed that hGmEH (or GmEH3)
was closely related to plant EHs, but relatively distant from those of
other species (Fig. 3b).

3.2. Cloning and intracellular expression of gmeh3

An about 1.0-kb nucleotide sequence of gmeh3 was amplified from
G. max total RNA, ligated with pUCm-T, and transformed into E. coli
JM109. DNA sequencing result verified that gmeh3 (GenBank no.
MN833949) was exactly 963 bp in length (excludingNde I and Xho I re-
striction sites), encoding GmEH3 (GenBank no. QJC19071) with 320
amino acid (aa) residues. The catalytic triad of GmEH3, deduced from
the sequences of cloned gmeh3, was confirmed as Asp101-His299-
Asp264, while its proton donors as Tyr152 and Tyr234. Its sequence iden-
tities with hGmEH and six known plant EHs were listed as follows:
hGmEH (XP_006604802, 93.4%), PvEH3 (AKJ75509, 85.3%) [17],
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Fig. 3. (a) Themultiple alignment of hGmEHwith six characterized plant EHs. The three conservedmotifs: HGXP, GXSmXS/T and SmXNuXSmSm,were shown in black boxes. The catalytic
triad (Asp120-His316-Asp281) and proton donors (Tyr169 and Tyr251) were marked by inverted triangles. (b) The phylogenetic tree of EHs amino acid sequences. The original species and
Genbank numbers of EHs were exhibited.
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GmEH1 (CAA55294, 79.1%) [21], PvEH2 (ASS33914, 74.7%) [18], VrEH1
(ADP68585, 72.3%) [22], PvEH1 (ATG22745, 70.3%) [23] and StEH
(AAA81891, 56.6%) [24]. The cloning of gmeh3 and its further expression
not only enriched the information on EH genes and EHs, but also
afforded a possible method for production of enantiopure epoxides or
1,2-diols via the kinetic resolution or enantioconvergent hydrolysis of
rac-epoxides.
After induction at 15 °C for 14 h, the EH activity of E. coli/gmeh3 to-
wards rac-1a was measured to be 28.2 U/g wet cell (wc), whereas no
EH activity was detected in E. coli/pCold II cells under the same expres-
sion conditions. SDS-PAGE analysis displayed that the apparent MW of
expressed GmEH3, which was fused with an extra 35-aa oligopeptide
harboring a 6 × His tag at its N-terminus, was about 37.4 kDa (Fig. 4,
lane 3), was very close to its theoretical one (37,446 Da) predicted by



Fig. 4. SDS-PAGE of the expressed and purified GmEH3. Lane M, standard protein marker;
Lanes 1 and 2, the supernatant of E. coli/pCold II and E. coli/gmeh3, respectively. Line 3, the
purified GmEH3.
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DNAMAN 6.0 software. No target protein band was found in E. coli/
pCold II (Fig. 4, lanes 1 and 2). To develop the industrial applications
of E. coli/gmeh3 cells (or purified GmEH3) in the kinetic resolution
and/or enantioconvergent hydrolysis of rac-epoxides, its EH activities
towards rac-2a–10a were also assayed (Table 1). The EH activities of
E. coli/gmeh3 towards ten rac-epoxides were determined as 2.6 to
35.1 U/g wc, which were generally higher than the corresponding data
of E. coli/vreh3 and /pveh2 [7,18]. For examples, the EH activities of the
latter two E. coli transformants towards rac-1a were only 5.2 and
8.0 U/g wc, respectively, which were much lower than that (28.2 U/g
wc) of E. coli/gmeh3.

3.3. Regioselectivities of GmEH3 for (S)- and (R)-1a–5a

The regioselectivity coefficients (αS and βR), quantitatively
representing its regioselectivities for (S)- and (R)-enantiomers, used
to elucidate the eep of an enantiomeric 1,2-diol produced from
enantioconvergent hydrolysis of rac-epoxide (Fig. S1) [14]. In this
work, the substrate spectrum assay exhibited that hydrolytic reactions
of 20 mM rac-1a–5a using 20 mg/mL wet cells produced (R)-1b–5b
with high eep from 72.1 to 90.1% and yieldp from 71.2 to 94.5%
(Table 1). The source of higher enantioconvergence of GmEH3 towards
rac-1a–5a was that it had high and complementary regioselectivities
(αS = 85.2–93.7% and βR = 87.4–97.5%), together with low
enantioselectivities (E=1.3–8.2). To a given EH, its regioselectivity co-
efficient is tightly dependent on the catalyzed rac-epoxide, that is,
which carbon atom (Cα or Cβ) may mainly be subjected to nucleophilic
attack by Asp in EH's catalytic triad [14]. Among the tested rac-1a–5a,
GmEH3 possessed the highest αS of 93.7% for (S)-5a and βR of 97.2%
for (R)-5a, along with a lower E value of 1.6 and a higher EH activity
of 22.4 U/g wc, thereby efficiently producing (R)-5b with 90.1% eep
and 94.5% yieldp. There were many wild-type (WT) EHs with high E
values towards rac-1a–5a. For example, StEH had E values of 30 and
70 towards rac-1a and 4a [21,22]. However, fewWT EHs possessed su-
perior regiocomplementarities for (S)- and (R)-epoxides, especially for
(S)- and (R)-5a, As shown in Table S3, the enantioconvergent hydrolysis
of rac-5a by E. coli/vreh3 or purified StEH produced (R)-5bwith 60.9 or
88% eep [7,25], all lower than that (90.1% eep) using E. coli/gmeh3. Falla-
ciously, the eep of (R)-5b produced by E. coli/gmeh3 was still slightly
lower than that (96.1% eep) of E. coli/pveh1Y3Z2, an E. coli transformant
expressing a multiple-site PvEH1 mutant [26].

3.4. Enantioselectivities of GmEH3 towards rac-6a–10a

The EH enantiomeric ratio (E), quantitatively describing its
enantioselectivity towards a rac-epoxide, can be used to evaluate EH's
enantiopreference in kinetic resolution [27]. Based on the measured c
of rac-6a–10a at a range of 30–50% and ees of retained enantiomers,
the E of GmEH3 were calculated (Table 1). GmEH3 showed low E of
7.4 and 5.2 towards rac-6a and 9a, while the highest E of 55.6 towards
rac-7a. The enantioselective reactions of 20 mM rac-6a–10a by
10 mg/mL wet cells were conducted until ees values of (R)-6a–10a
reached over 99%. As a result, their yields were from 17.1 to 43.5%.
More interestingly, owing to the high E (55.6) and βS (97.4%) of
GmEH3 for (S)-7a, the near-perfect kinetic resolution of rac-7a retained
(R)-7a with 99.8% ees and 43.5% yields, and simultaneously generated
(S)-7b with 88.9% eep and 49.5% yieldp. To the best of our knowledge,
except for a Tsukamurella paurometabola EH (TpEH1, E = 65) [28],
GmEH3 displayed the highest E value towards rac-7a among all
known WT EHs, such as a Rhodobacterales bacterium EH (REH, E =
38.4) (Table S4) [29].

3.5. Kinetic parameters of the purified GmEH3 for (S)- and (R)-5a (or 7a)

The kinetic parameters of purified GmEH3 for enantiomeric 5a or 7a
were shown in Table 2. The Km

S (3.07 mM) and Km
R (3.62 mM) for (S)-

and (R)-5a were close to each other and the kcat
S /Km

S was only 1.64-
fold higher than kcat

R /Km
R , suggesting that GmEH3 had no obvious prefer-

ence for (S)-5a, i.e., a very low E towards rac-5a. Together with its high
and complementary regioselectivities (αS=89.4% and βR=90.6%) and
high EH activity (22.4 U/g wc) (Table 1), it is suitable to produce
enantiopure (R)-5b via the enantioconvergent hydrolysis of rac-5a.
Contrarily, the Km

S (3.61 mM) for (S)-7a was much lower than Km
R

(12.45mM) for (R)-7a, indicating that GmEH3 possessed stronger affin-
ity with (S)-7a than (R)-7a [14]. The E value, derived from calculating
the ratio of catalytic efficiency, (kcatS /Km

S )/(kcatR /Km
R ), was 57.3, which

was very close to the result (E = 55.6) obtained via the hydrolysis of
rac-7a using E. coli/gmeh3. The high E value and EH activity (35.1 U/g
wc) enabled GmEH3 to efficiently catalyze the kinetic resolution of
rac-7a.

3.6. Gram-scale enantioconvergent production of (R)-5b by E. coli/gmeh3

The concentrations (10 and 20 mM) of rac-5a for the assays of
GmEH3 activity, E value and regioselectivity coefficient, were too low
to realize the capacity of GmEH3 for gram-scale production of (R)-5b.
In view of this, the regioselective hydrolytic reactions of rac-5a at 50,
100, 150 and 200mM, in four aliquots of 2mLphosphate buffer systems
were conducted, respectively, at 25 °Cwithin 8.0 h by E. coli/gmeh3 cells
(Table S5). Until the concentration of rac-5a up to 150 mM, it was al-
most completely hydrolyzed (c > 99%) within 1.5 h, producing (R)-5b
with over 90% eep and 95% yieldp. However, in the case of 200 mM
rac-5a, its c value and yieldp reached only 80.2% and 76.5%, even though
the reactionwas prolonged to 8.0 h, suggesting severe inhibitory and/or
denaturation effects of substrate (rac-5a) or its corresponding 1,2-diol
product on EH activity of E. coli/gmeh3. This phenomenon also existed
in other stereoselective hydrolytic reactions of rac-epoxides by EHs,
such as TpEH1 and an EH from Aspergillus niger (AnEH) [28,30]. Conse-
quently, the MAC of rac-5awas confirmed as 150 mM.

Generally, using whole cells instead of crude cell extract or purified
enzyme as the biocatalyst was because that the former was easily ob-
tained and had higher stability and tolerance during the reaction pro-
cess [31]. The hydrolytic process of 150 mM (18.0 g/L) rac-5a using
E. coli/gmeh3 cells in the 50 mL phosphate buffer system was shown in
Fig. 5a. After incubation for 1.5 h, rac-5a was almost completely



Table 1
Substrate spectrum assay of E. coli/gmeh3 wet cells towards rac-1a-10a.

Epoxide Activity (U/g wet cell) E αS (%) βR (%) ees (%) eep (%) Yields (%) Yieldp (%)

1a 28.2 1.7 90.4 97.5 –a 88.5 (R)b – 93.8 (R)
2a 9.8 6.9 89.1 90.4 – 78.5 (R) – 71.2 (R)
3a 4.2 8.2 93.4 88.9 – 82.1 (R) – 68.1 (R)
4a 18.2 1.3 85.8 87.4 – 72.1 (R) – 92.9 (R)
5a 22.4 1.6 93.7 97.2 – 90.1 (R) – 94.5 (R)
6a 2.6 7.4 5.8 94.5 99.6 (R) 26.5 (S) 23.6 (R) –
7a 35.1 55.6 4.7 97.4 99.8 (R) 88.9 (S) 43.5 (R) 49.5 (S)
8a 25.6 15.6 3.7 95.2 99.1 (R) 58.2 (S) 33.5 (R) –
9a 10.0 5.2 7.8 93.4 99.2 (R) 34.7 (S) 17.1 (R) –
10a 28.8 12.4 7.7 91.9 99.4 (R) 43.2 (S) 30.5 (R) –

a Not determine.
b Configuration.
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hydrolyzed (Fig. S2a), generating (R)-5b with 90.2% eep and 95.4%
yieldp. Its STYp was calculated to be 16.3 g/L/h, which was the highest
ever reported, was 32.6-fold higher than that (0.5 g/L/h) by E. coli/
pveh1Y3Z2 [26]. As the hydrolysis of rac-5a was continued to 2.0 h, the
yieldp and eep of (R)-5b had no obvious improvement.

3.7. Gram-scale production of (R)-7a via the kinetic resolution of rac-7a

Analogously, the enantioselective hydrolytic reactions of rac-7a at
concentrations of 100, 200, 300, 400, 500 and 600 mM were carried
out, respectively, at 25 °C within 8.0 h by E. coli/gmeh3 cells. As shown
in Table S6, the MAC of rac-7awas confirmed to be 500 mM (at 2.5 h),
was higher than all those of EHs previously reported, such as 80 mM
of REH and 400 mM of TpEH1 [28,29]. As the concentration of rac-7a
was elevated to 600 mM, its c and the ees of (R)-7a was merely 48.8%
and 78.1% until 8.0 h. The scale-up kinetic resolution of 500 mM
(75.1 g/L) rac-7a using E. coli/gmeh3 whole cells was performed in the
30 mL phosphate buffer system, and monitored by chiral HPLC at the
given intervals (Fig. 5b). When rac-7a was incubated for 2.5 h, (S)-7a
was almost entirely hydrolyzed at the c of 57.5% (Fig. S2b), retaining
(R)-7a with over 99% ees and 43.2% yields. The STYs of (R)-7a reached
13.0 g/L/h, being 7.65-fold that by BmEH-expressing Bacillus
megaterium whole cells, while 0.43-fold that by TpEH1-expressing
T. paurometabola cells [28,32].

3.8. Elucidation on the high regio- and enantio-selectivities of GmEH3

Themodeled 3-D structure ofGmEH3was composed of anα/β and a
cap domains (Fig. S3). And its SBP, harboring a cluster of amino acid res-
idues such as a catalytic triad (Asp101-His299-Asp264) and two proton
donors (Tyr152 and Tyr234), was located between the α/β and cap do-
mains. These structural characteristics were similar with other α/β
EHs, such as PvEH3andAnEH [13,33]. The substrate affinity and catalytic
efficiency of enzymes tightly lie on the frequencies of nucleophile- or
electrophile-present near attack conformation, that is, several geomet-
ric conditions have to be met [34]. For docked EH–epoxide complex,
the lengths of l1 and l2 as well as the dα and dβ were regarded as crucial
parameters for explaining the frequencies of these nucleophilic attacks.
In present study, to elucidate the sources of high regiocomplementarity
and enantioselectivity of GmEH3 towards rac-5a and 7a, the docked
Table 2
Kinetic parameters of purified GmEH3 for enantiomeric 5a and 7a.

Substrate Vmax (μmol/min/mg) kcat (s−1) Km (mM) kcat/Km (mM−1 s−1)

(S)-5a 12.30 ± 0.66 7.68 3.07 ± 0.21 2.50
(R)-5a 8.80 ± 0.42 5.49 3.62 ± 0.19 1.52
(S)-7a 29.83 ± 1.12 18.62 3.61 ± 0.21 5.16
(R)-7a 1.77 ± 0.09 1.10 12.45 ± 0.64 0.09
complexes of GmEH3 with (S)- and (R)-5a (or 7a) were conducted
and optimized, respectively (Fig. 6). As expected, the simulated results
were highly accordant with the experimental measurements, and also
similar to the conclusions summarized by other teams [35–37]. In detail,
the lengths of l1 and l2 in GmEH3–(S)-5a or –(R)-5a were all less than
3.2 Å, whichwere the prerequisites for smooth ring-opening hydrolysis
[38]. Furthermore, dα of GmEH3–(S)-5a (or dβ of GmEH3–(R)-5a) was
obviously shorter than dβ of GmEH3–(S)-5a (or dα of GmEH3–(R)-5a),
supporting the fact that Cα of (S)-5a and Cβ of (R)-5a were mainly
(with probabilities over 93% according to αS and βR values listed in
Table 1) attacked by GmEH3. Similarly, both the l1 and l2 of GmEH3–
(S)-7a were less than 3.2 Å, while, in the case of (R)-7a, they were
more than 3.2 Å, indicating that GmEH3 showed higher affinity for
(S)-7a than (R)-7a. Because of the rapid hydrolytic rate of (S)-7a and
Fig. 5. The gram-scale enantioconvergence hydrolysis of rac-5a (a) and kinetic resolution
of rac-7a (b) by E coli/gemh3 whole cells.



Fig. 6.MD simulations of (S)- and (R)-5a (or 7a) with GmEH3. The locally magnified 3-D conformations of GmEH3-(S)-5a (a) or -(S)-7a (c) were compared with those of GmEH3-(R)-5a
(b) or -(R)-7a (d), respectively.
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inert (R)-7a in the kinetic resolution of rac-7a, it is meaningful to indi-
vidually take GmEH3–(S)-7a into account. In GmEH3–(S)-7a, the com-
paratively shorter dβ suggested that Cβ of (S)-7a was mainly attacked,
which conformed to the high enantioselectivity of GmEH3 with prefer-
ence for (S)-7a. Besides, these four EH–substrate complexes possessed
ΔGbinding values ranging from −15.12 to −14.06 kJ/mol.
4. Conclusions

Based on the computer-aided analysis, a novel EH, GmEH3 from
G. max was excavated, then a GmEH3-encoding gene, gmeh3, was suc-
cessfully cloned, and heterologously expressed in E. coli Rosetta(DE3).
The substrate spectrum assay indicated that GmEH3 possessed the excel-
lent regiocomplementarity for (S)- and (R)-5a and highest
enantioselectivity towards rac-7a, among ten investigated rac-epoxides.
Additionally, the gram-scale enantioconvergent hydrolysis of rac-5a and
kinetic resolution of rac-7a at MAC were conducted using whole cells of
E. coli/gmeh3, producing (R)-5b or (R)-7a with high enantiopurity and
yield. All these superior catalytic performancesmakeGmEH3anattractive
biocatalyst for producing enantiopure epoxides and/or 1,2-doils. More-
over, the sources of high regiocomplementarity and enantioselectivity
of GmEH3 towards rac-5a and 7awere explained by MD simulation.
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