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ABSTRACT: An epoxide hydrolase from Vigna radiata (VrEH2)
affords partial enantioconvergence (84% ee) in the enzymatic
hydrolysis of racemic p-nitrostyrene oxide (pNSO), mainly due to
insufficient regioselectivity for the (S)-enantiomer (rS = αS/βS = 7.3).
To improve the (S)-pNSO regioselectivity, a small but smart library of
VrEH2 mutants was constructed by substituting each of four key
residues lining the substrate binding site with a simplified amino acid
alphabet of Val, Asn, Phe, and Trp. Among the mutants, M263N
attacked almost exclusively at Cα in the (S)-epoxide ring with
satisfactory regioselectivity (rS = 99.0), without compromising the
original high regioselectivity for the (R)-epoxide (rR = 99.0), resulting
in near-perfect enantioconvergence (>99% analytical yield, 98% ee).
Structural and conformational analysis showed that the introduced Asn263 formed additional hydrogen bonds with the nitro
group in substrate, causing a shift in the substrate binding pose. This shift increased the difference in attacking distances
between Cα and Cβ, leading to an improved regiopreference toward (S)-pNSO and affording near-perfect enantioconvergence.
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Optically pure epoxides and vicinal diols are important
building blocks for the preparation of chiral drugs and

bioactive compounds, such as adrenergic inhibitors and
antiobesity drugs.1 The hydrolysis of racemic epoxides by
epoxide hydrolases (EHs; EC 3.3.2.3) is often reported as a
green route to accessing enantiopure epoxides or vicinal diols.2

However, the majority of EH-catalyzed classical kinetic
resolutions of racemic epoxides are disadvantageous due to
the maximum yield being limited to 50%.3 As an alternative
pathway, enantioconvergent processes (Scheme 1) catalyze the
hydrolysis of two opposite enantiomers of an epoxide with
complementary regioselectivity,4 in which Cα of the epoxide
ring is preferentially attacked in one enantiomer, giving the
product with an inverted configuration, while Cβ is preferen-
tially attacked in the other enantiomer affording the diol in a
retained configuration. Overall, the enantioenriched diol can be
produced with a maximum theoretical yield of 100%.5

Since the first reports of enantioconvergence using EHs by the
groups of Faber and Furstoss,6 EH-mediated enantioconvergent
hydrolysis has attracted much attention. Nonetheless, studies on
EH-mediated enantioconvergent hydrolysis are still hampered
by the insufficient degree of enantioconvergence afforded by

previously reported native EHs (Table S1).6b,7 In our previous
work, VrEH2, one of the two epoxide hydrolases cloned from
Vigna radiata showed a partial degree of enantioconvergence
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Scheme 1. Overview of the EH-Catalyzed Enantioconvergent
Hydrolysis of Epoxidesa

aCα of epoxide ring in one enantiomer (in this case (S)-epoxide) is
preferentially attacked, giving (R)-diol with an inverted configuration,
while Cβ of (R)-epoxide is preferentially attacked, giving the diol with
a retained configuration (R).
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(only 84% ee) in the enzymatic hydrolysis of racemic p-
nitrostyrene oxide (rac-pNSO). This was mainly attributed to
the low regioselectivity toward (S)-pNSO (attacking ratio of
alpha carbon (Cα) to beta carbon (Cβ) on (S)-epoxide ring, rS =
αS/βS = 7.3), compared with that toward the (R)-enantiomer (rR
= βR/αR = 49.0).7a,e Therefore, the enzyme regioselectivity
toward the (S)-epoxide requires improvements to overcome the
deficiency in VrEH2-catalyzed enantioconvergent hydrolysis.
Despite efforts toward enhancing the enantioconvergence of
some epoxide hydrolases through directed evolution,8 precise
control of the enzyme regioselectivity to achieve perfect
enantioconvergence (>99% yield, > 99% ee) remains challenging
in EH biocatalysis.
In recent years, structure based reshaping the binding pocket

or redesigning the active site has been employed tomodulate the
catalytic properties of enzymes, including their activity and
regio/enantioselectivity.9 Furthermore, crystallographic and
computational studies have been conducted to explore the
enantioconvergent behavior of EHs using molecular dynamics
simulations and quantum mechanical calculations.10 However,
little progress has been made to obtain perfect enantioconver-
gence of epoxide hydrolases.
To rationally improve the regioselectivity of VrEH2 toward

(S)-epoxide substrates, the structure of VrEH2 was determined
by molecular replacement and refined to a resolution of 2.5 Å
(Table S2). The VrEH2 structure belongs to a typical α/β-
hydrolase fold and has a particularly hydrophobic binding
pocket.11 The pocket entrance is surrounded by two oxyanion
hole residues (Tyr150 and Tyr232) and a nucleophilic residue
(Asp101), while the interior cavity of the pocket is mainly
composed of a catalytic residue (His297) and four hydrophobic
residues (Phe33, Ile176, Phe196, and Met263; Figure 1). We

selected four potentially candidate residues (Phe33, Ile176,
Phe196, and Met263) that lined the binding site of VrEH2 for
engineering the regioselectivity toward (S)-pNSO. For reducing
the screening effort, a “reduced amino acid alphabet” was
employed to construct a smart library of mutants.9b−c The small
alphabet tends to consist of amino acids with hydrophobic and
hindered side chain, thus can easily reshape the binding pocket
and find the key residues for further fine-tuning.9b,d Herein, each
of the four residues was replaced with a set of amino acids (Val,
Asn, Phe, and Trp), with consideration given to polarity and
side-chain size effects.
Herein, we define the regioselectivity as the ratio (r) of the

enzyme attacking frequencies at Cα and Cβ, which were
measured experimentally using the molar ratio of diol isomers
obtained using optically pure (S)- or (R)-epoxides as substrates.
As shown in Figure 2, mutagenesis at residue Met263

significantly affected the regioselectivity toward (S)-pNSO.
When Met263 was mutated to Val, a residue with smaller side-
chain, the specificity for Cα was improved. In contrary, when
Met263 was mutated to sterically hindered residues (Phe or
Trp), the regiospecificity for Cα dramatically decreased. In
mutant M263N, the rS value was increased 13.6-fold, reaching
up to 99.0 (Table S3), which represented the highest
regioselectivity among the tested mutants. These results
demonstrated that the regioselectivity could be regulated
efficiently through a single mutation of Met263 (Figure 2).
We also found that mutantM263N retained its original excellent
regioselectivity toward (R)-pNSO (rR = 99.0) (Table S4),
enabling a near-perfect enantioconvergent reaction. The
regioselectivities of all mutants other than Met263 decreased
to various extents, indicating that these residues (Phe33, Ile176,
and Phe196) played vital role in maintaining the initial
regioselectivity.
To verify the improved enantioconvergence obtained using

VrEH2M263N, we performed a 10 mL scale reaction using 100
mM rac-pNSO and 15 g/L of the lyophilized cell free extract of
VrEH2M263N. The reaction was completed within 3 h, affording
final product (R)-pNPG with 98% ee and 92% isolated yield.
These results confirmed the outstanding performance of the
engineered enzyme in the enantioconvergent hydrolysis of
racemic epoxides. To our knowledge, VrEH2M263N is so far the
best choice of biocatalyst with the highest enantioconvergence
for rac-pNSO among all EHs reported. Furthermore, the general
effect of the redesigned residue on tuning enantioconvergence

Figure 1. Structural insight of key residues lining the substrate binding
pocket. The substrate (S)-pNSO (balls and sticks) was docked into
active center, where the epoxide ring of (S)-pNSO is close to the
oxyanion hole residues Tyr150 and Tyr232, and the nucleophilic
residue Asp101, whereas the nitro group of (S)-pNSO is oriented
toward the inside cavity of binding pocket. The gray dash: the
hydrogen-bonds interaction between the oxyanion hole residues and
epoxide ring of (S)-pNSO. The putatively sensitive residues are
highlighted in green color by analyzing the interactions between (S)-
pNSO and protein with AutoDock Tools. The catalytic residues (gray)
are shown in sticks, and the binding pocket (as shown in gold shadow)
was calculated by POVME.

Figure 2.Measured regioselectivity of VrEH2 and mutants toward (S)-
pNSO and (R)-pNSO. αS and βS are regioselectivity coefficients which
indicate the attacking percentage of Cα and Cβ of (S)-epoxides,
respectively.
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among EHs was also examined (Table S7). The results showed
that the predicted hot spot also played an essential role in
regulating the activity and regioselectivity of the homologous
epoxide hydrolases possessing over 58% identities to VrEH2.
We also determined the enantioconvergence of WT and mutant
M263N toward racemic styrene oxide and racemic meta-
nitrostyrene oxide. Compared with WT, M263N also showed
improved enantioconvergence toward the other two substrates
(Table S8), indicating that site 263 is very crucial for the
regioselectivity regulation.
The structure of the VrEH2M263N complex with (S)-pNSO

contained two hydrogen bonds formed between the side chain
of Asn263 and the nitro group of the substrate in VrEH2M263N
(Figure 3b) that were not observed in the docking results of

VrEH2 (Figure 3a). This change greatly affected the (S)-pNSO
binding pose, the nitro group of (S)-pNSO inVrEH2was shifted
by 0.9 Å and deflected by as much as 36.7° toward Asn263
(Figure S3a). Furthermore, the distances between catalytic
residue Asp101 and the Cα or Cβ of the epoxide ring also
showed expected changes (Figure 3a and 3b). The calculated
(S)-pNSO binding energy in mutant VrEH2M263N (−5.00 kcal/
mol) was lower than that of native VrEH2 (−3.68 kcal/mol)
(Table S6), which indicated that the (S)-pNSO bound more
strongly with VrEH2M263N. Notably, the difference between the
Asp101 attacking distances to the two attacked epoxide carbon
atoms in VrEH2M263N (dCα

2/dCβ
2 = 0.53) was more pronounced

than that in VrEH2 (dCα
2/dCβ

2 = 0.64), and the measured
geometrical angles of O−Cα−O− were just within the suitable
scope of attack angles for SN2 reactions (Table S6).

12 Therefore,
VrEH2M263N was more favorable than the native VrEH2 for
stabilizing the (S)-pNSO and attacking the Cα of the (S)-
epoxide ring exclusively.
In summary, we achieved the near-perfect enantioconver-

gence of VrEH2 through structure-guided regioselectivity
engineering. Analysis of the substrate binding conformations
showed that the regioselectivity improvement inVrEH2was due
to the increased difference in attacking distances to the two
carbons of the epoxide ring. Our strategy to engineer the
enantioconvergence of epoxide hydrolase provides an ideal
solution to the critical long-term challenge in enzymatic
synthesis of chiral diols.
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