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Abstract
In order to provide more alternative epoxide hydrolases for industrial production, a novel cDNA gene Rpeh-encoding epoxide
hydrolase (RpEH) of Rhodotorula paludigena JNU001 identified by 26S rDNA sequence analysis was amplified by RT-PCR.
The open-reading frame (ORF) of Rpeh was 1236 bp encoding RpEH of 411 amino acids and was heterologously expressed in
Escherichia coli BL21(DE3). The substrate spectrum of expressed RpEH showed that the transformant E. coli/Rpeh had
excellent enantioselectivity to 2a, 3a, and 5a–10a, among which E. coli/Rpeh had the highest activity (2473 U/g wet cells)
and wonderful enantioselectivity (E = 101) for 8a, and its regioselectivity coefficients, αR and βS, toward (R)- and (S)-8a were
99.7 and 83.2%, respectively. Using only 10 mg wet cells/mL of E. coli/Rpeh, the near-perfect kinetic resolution of rac-8a at a
high concentration (1000 mM) was achieved within 2.5 h, giving (R)-8a with more than 99% enantiomeric excess (ees) and
46.7% yield and producing (S)-8bwith 93.2% eep and 51.4% yield with high space-time yield (STY) for (R)-8a and (S)-8bwere
30.6 and 37.3 g/L/h.
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Introduction

Enantiomeric isomers of chiral compounds, such as (R)- and
(S)-enantiomers of a racemic drug, usually possess different
and even antagonistic biological activities and pharmacologi-
cal functions (Kotik et al. 2012). Since the early 1990s, there
has been an ever-increasing demand for the optically pure
epoxides and vicinal diols, as they are versatile building
blocks in synthesis of various pharmaceuticals, fine
chemicals, and agrochemicals (Archelas et al. 2016). For

example, (R)-o-methylphenyl glycidyl ether (8a) and the cor-
responding vicinal diol (S)-3-(2-methylphenoxy)propane-1,2-
diol (8b) were used as synthetic precursors of cardiovascular
hybrid drugs (Bisi et al. 2003), neuroprotective molecules
(Pieper et al. 2010), β-secretase-cleaving enzyme (BACE)
inhibitors (Pieper et al. 2010), and modulators of toll-like re-
ceptor 7 (Basith et al. 2011).

Epoxide hydrolases (EHs, EC 3.3.2.-), a kind of cofactor-
independent biocatalysts and existing ubiquitously in nature,
can catalyze the enantioselective or enantioconvergent hydroly-
sis of rac-epoxides or meso-epoxides and prepare chiral epox-
ides and vicinal diols (Lin et al. 2011). Reportedly, the EH-
catalyzed hydrolysis of epoxides proceededmainly in two steps.
The nucleophilic Asp residue first attacks the carbon atom in an
oxirane ring of epoxide, forming a hydroxyalkyl-EH intermedi-
ate. Then, a water molecule that is activated by His in the cat-
alytic triad interacts with the intermediate, releasing a vicinal
diol product (Lind and Himo 2016). Recently, many EHs from
bacteria, fungal, and plant were discovered, cloned, and
engineered for organic chemical synthesis (Kotik et al. 2012),
such as bacteria EHs from Agrobacterium radiobacter AD1
(ArEH) (Zou et al. 2018), Rhodococcus erythropoli (ReLEH)
(Sun et al. 2016), and Bacillus megaterium EH (BmEH)
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(Serrano-Hervas et al. 2017), fungal EH from Aspergillus niger
(AnEH) (Reetz et al. 2009), and plant EHs from Solanum
tuberosum (StEH) (Lind and Himo 2016) and Vigna radiata
(VrEH1 and VrEH2) (Wu et al. 2015; Li et al. 2018). In addi-
tion, four red yeast EH genes have been cloned and heterolo-
gously expressed in Escherichia coli, Pichia pastoris, and
Yarrowia lipolytica (Table S1).

With the wave of green chemistry, whole-cell catalysis at
high substrate concentrations has been a hot spot in the studies
of epoxide hydrolases. For example DongzhiWei’s team tried
to use recombinant E. coli TpEH1 (10 mg/mL lyophilized
cells) to hydrolyze phenyl glycidyl ether at concentrations of
up to 400 mM (Wu et al. 2015). Zhi Li's team wanted to
achieve kinetic resolution of multiple epoxides at high con-
centrations by using E. coli (SpEH) (Wu et al. 2013).
Compared with pure enzymes, immobilized enzymes, and
transition metal catalysts, using easily available and low-cost
whole cells as biocatalysts is a much more economical alter-
native (De Carvalho 2011; Hwang et al. 2010). Nevertheless,
the application of whole-cell biocatalyst on large-scale prepa-
ration for chiral mono-substituted epoxides is still hampered
by high biocatalyst loading, low substrate concentrations, and
low stereoselectivity (Wu et al. 2013). Hence, the possibility
of discovering novel EHs which can product desired epoxides
and vicinal diols in high enantiomeric excess (ee), high yield,
and high concentration at low catalyst loading is of interest.

In this work, a yeast Rhodotorula paludigena JNU001 was
identified by 26S rDNAD1/D2 domain sequencing. A unique
EH encoding gene Rpeh was amplified by RT-PCR from
R. paludigena JNU001 total RNA and expressed in E. coli
BL21(DE3). Substrate scope of the engineered recombinant
E. coli expressing RpEH was explored toward rac-epoxides
1a-12a (Scheme 1). The enzymatic property of purified re-
combinant RpEH was investigated using rac-8a as substrate.
Furthermore, considering the practical application, a gram-
scale kinetic resolution of rac-8a at high concentration
(1000 mM) was carried out to prepare (R)-8a and (S)-8b in
high ee values and yields using low loading of E. coli/Rpeh
whole cells as biocatalyst.

Materials and methods

Strains, plasmids, and chemicals

The red yeast strain Rhodotorula sp. was isolated frommarine
sludge around Dongji Island, China, using potato dextrose
agar plates, and preserved in our lab. All enzymes and kits
used for gene manipulations in this work were purchased from
TaKaRa (Dalian, China) and Sangon (Shanghai, China).
E. coli JM109 and linearized plasmid pUCm-T (Sangon) were
applied to gene cloning and sequencing while E. coli
BL21(DE3) and pET-28a(+) (Novagen, Madison, WI, USA)

to EH gene expression. Rac-1a, 7a, and 11a-12a were prod-
ucts of TCI (Tokyo, Japan), and rac-2a-6a and 8a-10a were
chemically synthesized by our lab according to the methods
reported previously (Cambell and Duron 2013; Stephenson
et al. 2008). All other chemicals were of analytical grade
and commercially available from the local companies
(Wuxi, China).

Molecular biological identification of Rhodotorula sp.

A single colony of Rhodotorula sp. was inoculated into YPD
medium (2.0% tryptone, 1.0% yeast extract, and 2.0% dex-
trose, pH 6.0) and grown at 30 °C for 24 h on a rotary incu-
bator (220 rpm). The cultured red yeast cells were collected by
centrifugation at 8000 rpm for 15min at 4 °C and washedwith
20 mM Na2HPO4–NaH2PO4 buffer (pH 7.0). This
Rhodotorula sp. was identified by sequence analysis of the
D1/D2 domain of 26S rDNA as in previously reportedmethod
(Fell et al. 2000). First, the DNA sequence of D1/D2 domain
was amplified by PCR using Ex Taq DNA polymerase
(TaKaRa, Dalian, China) from the extracted genomic DNA
of Rhodotorula sp. using a pair of universal primers, FL1 and
FL4 (Table S2). The PCR conditions are as follows: an initial
denaturation at 98 °C for 5 min, 30 cycles at 98 °C for 10 s, 55
°C for 30 s, 72 °C for 30 s, and an extra elongation at 72 °C for
10min. Second, the target PCR product was purified using the
SanPrep column DNA gel extraction kit, ligated with pUCm-
T, and transformed into E. coli JM109, followed by DNA
sequencing. Finally, the correct nucleotide sequence of the
D1/D2 domain was submitted to the GenBank database, and
then the DNA sequence matching analysis was carried out by
BLAST server in the NCBI website (https://www.ncbi.nlm.
nih.gov/).

Design and synthesis of a pair of PCR primers

The three amino acid sequences of the characterized EHs from
known red yeasts, Rhodotorula araucariae CBS 6031,
R. toruloides CBS 14, and R. glutinis CIMW 147 (Choi
et al. 2000; Visser et al. 2002), were searched in the NCBI
website. After the multiple sequence alignment among three
known EHs was carried out by using the Clustal Omega pro-
gram (https://www.ebi.ac.uk/Tools/msa/clustalo/), the three
most conserved oligopeptide segments, CHGWPG,
AQGGDWGSI, and DGGHFAALEKP, were located.
Thereafter, using three oligonucleotide sequences
corresponding to the most conserved segments as templates,
a DNA sequence coding for a hypothetical EH was located in
fragment 1 (GenBank accession no. SWEA01000001) of
Rhodotoru la pa lud igena CM33 genomic DNA.
Furthermore, the localization of exon/intron boundaries in
the DNA sequence of a hypothetical EH-encoding gene of
R. paludigena CM33 was predicted using the Eukaryotic
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GeneMark.hmm (http://topaz.gatech.edu/GeneMark/
gmhmme.cgi), while a cDNA sequence, that is, an open-
reading frame (ORF), of the EH gene was located by NCBI
ORF Finder (https://www.ncbi.nlm.nih.gov/orffinder/). Based
on the above computer-aided analysis, a pair of PCR primers,
Rp-F and Rp-R (Table S2), was designed according to the 5′-
and 3′-end sequences of the ORF, and synthesized by Sangon
(Shanghai, China).

Cloning of both cDNA and DNA sequences of a
hypothetical EH gene Rpeh

The total RNA of R. paludigena JNU001 identified by our lab
was extracted using the Spin Column Yeast Total RNA puri-
fication kit, from which the ORF (i.e., cDNA sequence) of
Rpeh was amplified by RT-PCR using the BcaBEST™
RNA PCR kit and a pair of specific PCR primers. In detail,
the first-strand cDNA was reversely transcribed from the total
RNA of JNU001 using an Oligo dT-Adaptor primer provided
by RNA PCR kit. Then, the ORF coding for RpEH, flanked
by Nde I and EcoR I sites, was amplified from the first-strand

cDNA using specific primers Rp-F and Rp-R. The recombi-
nant plasmid, designated pUCm-T-Rpeh, was constructed by
ligating ORF with pUCm-T, and transformed into E. coli
JM109 competent cells, followed by DNA sequencing. The
correct cDNA sequence of Rpeh was excised from pUCm-T-
Rpeh with Nde I and EcoR I and inserted into expression
plasmid pET-28a(+) digested by same enzymes, followed by
transforming it into E. coli BL21(DE3), thereby constructing
an E. coli transformant, designated E. coli/Rpeh. Additionally,
the DNA sequence of Rpeh was amplified from the genomic
DNA with the same primers. The target PCR product was
ligated with pUCm-T and transformed into E. coli JM109,
followed by DNA sequencing.

Expression and purification of RpEH

A single colony of E. coli/Rpeh strain was inoculated into LB
medium (1.0% tryptone, 0.5% yeast extract, and 1.0% NaCl,
pH 7.2) supplemented with 100 μg/mL kanamycin sulfate and
grown at 37 °C overnight as the seed culture. Then, the same
fresh LB mediumwas inoculated with 1.0% (v/v) seed culture

Scheme 1 Asymmetric hydrolysis of racemic epoxides 1a–12a by E. coli/Rpeh whole cells expressing RpEH
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and grown at 37 °C until the OD600 reached 0.6–0.8. After
induced by 0.2 mM IPTG at 20 °C for 8 h, the E. coli/Rpeh
cells were collected and resuspended in 100 mM Na2HPO4–
NaH2PO4 buffer (pH 7.0) to 10mgwet cells/mL as the whole-
cell biocatalyst unless stated otherwise. In this work, E. coli
BL21(DE3) transformed with pET-28a(+), designated E. coli/
pET-28a, was used as a negative control.

The collected E. coli/Rpeh whole cells, heterologously ex-
pressing RpEH with a 6× His tag at its N-terminus, were resus-
pended in buffer A (20 mM Tris–HCl, 500 mM NaCl and
20mM imidazole, pH 7.5) to 100mgwet cells/mL and disrupted
by ultrasonication in the ice-water bath. Then, the resultant su-
pernatant was loaded onto a nickel–nitrilotriacetic acid (Ni–
NTA) column (Tiandz, Beijing, China) pre-equilibrated with
buffer A, followed by elution at 0.4 mL/min with buffer B as
the same as buffer A except for 200mM imidazole. Aliquots of 1
mL eluent only containing the target protein RpEHwere pooled,
dialyzed against 20 mM Na2HPO4–NaH2PO4 buffer (pH 7.0),
and concentrated using a Amicon® Ultra-15 10K filter device
(Millipore, Billerica, MA).

Enzyme activity and protein assays

The activity of RpEH for rac-1a was measured as reported
previously (Hu et al. 2017), with slight modification. In detail,
900 μL cell suspension or purified RpEH solution, suitably di-
luted with 100 mM Na2HPO4–NaH2PO4 buffer (pH 7.0), was
well mixed with 100 μL 200 mM rac-1a (dissolved in metha-
nol) at a final concentration of 20mM, incubated at 25 °C for 15
min, and terminated by addition of 4 mLmethanol. The reaction
sample was analyzed by high-performance liquid chromatogra-
phy (HPLC), using a Waters e2695 apparatus (Waters, Milford,
MA, USA) equipped with an XBridge BEH C18 column. The
mobile phase, methanol/H2O (7:3, v/v), was used at 0.8 mL/
min, and monitored using a Waters 2489 UV–Vis detector at
220 nm. One unit (U) of EH activity was defined as the amount
of wet cells or purified RpEH hydrolyzing 1 μmol rac-1a per
minute under the given assay conditions. Analogously, the ac-
tivities of RpEH for rac-2a-12a were measured by substituting
rac-1a with them, respectively.

SDS-PAGE was performed on a 12% agarose gel, and the
isolated proteins were visualized by staining with Coomassie
Brilliant Blue R-250 (Sigma-Aldrich, St. Louis, MO, USA).
The apparent molecular weight of the expressed RpEH was
estimated by comparison with those of standard proteins using
a Quantity One software. The protein concentration was deter-
mined using the BCA-200 Protein Assay Kit (Pierce, Rockford,
IL, USA), using bovine serum albumin as the standard.

Substrate spectrum investigation of RpEH

The asymmetric hydrolytic reactions of rac-epoxides were
performed in 1.0 mL 100 mM phosphate buffer (pH 7.0)

system consisting of 10 or 20 mM rac-1a–12a (200 mM,
dissolved in methanol) and a certain amount of whole cells
of E. coli/Rpeh (Table 1) at 25 °C for 15 min, respectively.
During the hydrolytic process, aliquots of 100 μL reaction
sample were periodically drawn out and then extracted with
900 μL ethyl acetate or that containing 1 mM n-hexanol (as
the internal standard). The treated sample was analyzed by
HPLC equipped with a chiral column or by chiral gas chro-
matography (GC) using a GC-2010 apparatus (Shimadzu,
Tokyo, Japan) (Table S3, Fig. S1). The absolute configura-
tions of all the single enantiomers of rac-1a–12a and their
corresponding vicinal diols rac-1b–12b were confirmed, re-
spectively, by comparing their retention times with those re-
ported previously (Hu et al. 2017; Li et al. 2017). The conver-
sion ratio (c) of rac-substrate was defined as the percentage of
its consumed amount to initial one. The ees of retained single
epoxide and the eep of produced chiral diol were calculated
using the following equations: ees = |[(Rs − Ss) / (Rs + Ss)]| ×
100% and eep = |[(Rp − Sp) / (Rp + Sp)]| × 100%. Rs and Ss
represent the concentrations of (R)- and (S)-1a–12a, respec-
tively, while Rp and Sp are the concentrations of (R)- and (S)-
1b–12b.

The enantioselectivity of EH for a given rac-epoxide,
which is quantitatively described by its enantiomeric ratio
(i.e., E value), was used to evaluate the degree of enantio-
preferential hydrolysis of one epoxide enantiomer over its
antipode (Kotik and Kyslík 2006). Based on the hydrolytic
parameters of rac-substrates (c and ees) calculated previously,
E values of RpEH for rac-1a–12a were as follows calculated:
E = ln [(1 − c) × (1 − ees)] / ln [(1 − c) × (1 + ees)]. The
regioselectivity coefficients of EH, αR (or βR = 1 − αR) and
βS (or αS = 1 − βS), were used to estimate the probabilities of
attacks on Cα (a more hindered carbon in the oxirane ring) of
(S)-epoxide and on Cβ (a less hindered terminal carbon) of
(R)-epoxide, respectively (Zhu et al. 2014). Herein, the αS and
βR values of RpEH for (S)- and (R)-8a were derived by linear
regression: eep = (αR + βS − 1) + [(αR − βS) × ees × (1 − c)] / c
(Kotik et al. 2010).

Effects of pH and temperature on the RpEH activity
and stability

The pH optimum of purified RpEH for rac-o-methylphenyl
glycidyl ether (8a) was examined under the standard EH ac-
tivity assay conditions, except for using buffers (100 mM
Na2HPO4–citric acid: pH 5.5–7.0 and 100 mM Tris–HCl:
pH 7.5–9.0). To estimate the pH stability, aliquots of RpEH
solution were preincubated, in the absence of substrate, at a
pH range of 5.5–9.0 at 20 °C for 1 h. The residual EH activity
was measured under the standard assay conditions. In this
work, the pH stability was defined as a pH range, over which
the residual RpEH activity retained over 85% of its original
activity.
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The temperature optimum of RpEH for rac-8a was deter-
mined, at pH optimum, at temperatures ranging from 20 to 50
°C. To evaluate the thermostability, aliquots of RpEH solution
were incubated at 20–50 °C, respectively, for 1 h. Herein, the
thermostability was defined as the temperature, at or below
which the residual RpEH activity was more than 85% of its
original activity.

Kinetic parameter assay of purified RpEH

The initial hydrolytic reaction rate of rac-8a (μmol/min/mg
protein) catalyzed by purified RpEH was measured under the
standard EH activity assay conditions, except for the concen-
trations of rac-8a ranging from 2.0 to 20 mM. Both the
Michaelis constant (Km) and maximum velocity (Vmax) of
RpEH were calculated, respectively, by non-linear regression
analysis using an OriginPro 2016 software (http://www.
orignlab.com/). The turnover rate or number (kcat) of RpEH
was deduced from its Vmax and apparent molecular weight,
while its catalytic efficiency was defined as the ratio of kcat
to Km.

Kinetic resolution of rac-8a at elevated
concentrations by E. coli/Rpeh

The asymmetric hydrolytic reactions of rac-8a at the elevated
concentrations of 400, 600, 800, and 1000 mM were carried
out at 30 °C, respectively, by using 10 mg wet cells/mL of
E. coli/Rpeh in the 2 mL 100 mM phosphate buffer (pH 7.0)
system. During the hydrolytic course, aliquots of 50 μL reac-
tion sample were drawn out at given time points, extracted
with 950 μL ethyl acetate, then diluted ten times, and analyzed
by chiral HPLC equipped with a Chiralcel OD-H column
(Daicel, Osaka, Japan) for calculating the c of rac-8a, ees
and yield of retained (R)-8a, as well as eep and yield of pro-
duced (R)-8b. Herein, the ees and yield of (R)-8awere used as

main criteria to confirm the maximum allowable concentra-
tion of rac-8a. Based on the above-mentioned experimental
results, the gram-scale kinetic resolution, in the 25 mL phos-
phate buffer (pH 7.0) system containing 10 mg wet cells/mL
and rac-8a at maximum allowable concentration, was per-
formed at 30 °C. When the ees of (R)-8a reached over 99%,
the total reaction solution was extracted with 10 mL n-hexane
three times. Then, three n-hexane fractions containing (R)-8a
were pooled, dried over anhydrous magnesium sulfate, and
purified by silica gel column chromatography, followed by
concentration under reduced pressure.

Results

Molecular identification of Rhodotorula sp.

The pink elliptical shape red yeast was isolated from marine
sludge in China, which showed the EH activity of 0.98 U/g
wet cells toward rac-1a (Fig. 1a). The PCR-amplified D1/D2
domain sequence of 26 s rDNA from the red yeast Rhodotorula
sp. was 585 bp in length (Fig. 1b, c), which shared the highest
identity (> 99%) with a known R. paludigena HB77-2 by
BLAST search in GenBank database. As a result, the isolated
strain was identified as R. paludigena and named as
R. paludigena JNU001, and then submitted to the Culture and
Information Center of Industrial Microorganisms of China
University (accession no. CICIM Y7069).

Analysis of the primary structure of deduced RpEH

A 1236-bp coding sequence (CDS) and a 1600-bp DNA se-
quences of Rpeh (GenBank: MK748445) were amplified from
the total RNA and the genomic DNAofR. paludigena JNU001,
respectively, using primers Rp-F and Rp-R. The result showed
that the DNA-coding region of RpehDNA contained six introns

Table 1 Substrate spectrum
analysis of E. coli/Rpeh toward
rac-1a–12a

Entry R E. coli/Rpeh wet cells
(g/L)

Sub.
(mM)

Activity (U/g wet
cells)

E
value

Config. (epoxide/
diol)

1a H 0.5 20 2132 3.5 S/R

2a 2-NO2 20 20 24 > 200 S/R

3a 3-NO2 0.5 10 82 64 S/R

4a 4-NO2 0.5 10 276 19 S/R

5a 3-Cl 0.5 20 2059 76 S/R

6a 4-Cl 0.5 20 1463 58 S/R

7a H 0.5 20 757 160 R/S

8a 2-CH3 0.2 20 2473 101 R/S

9a 3-CH3 0.5 20 649 62 R/S

10a 4-CH3 0.5 20 753 49 R/S

11a – 0.2 20 2140 1.6 S/R

12a – 0.1 20 9081 2.3 S/R
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ranging from 58 to 66 bp. The ORF of Rpeh encodes 411 amino
acid protein (RpEH). The primary structure of RpEH shares less
than 75% identity with the reported four red yeast EHs from
R. araucariae (74.1%, AAN32663) (Visser et al. 2002), R.
glut inis (AAF64646, 63.1%) (Yoo et al . 2008) ,
Rhodosporidium toruloides (63.6%, AAN32662) (Visser et al.
2002), andR.mucilaginosa (AAV64029, 45.2%) (Labuschagne
and Albertyn 2007), respectively (Table S1). Multiple align-
ments of RpEH and other four known EHs indicated that
RpEH had typical characteristics of EH, including the conserved
motifs GXSmXS/T and HGXP (where Sm is small amino acid
and X is any amino acid) (Barth et al. 2004), the catalytic triad
Asp190-His385-Glu359, and two conserved Tyr262 and
Tyr331 residues (Fig. 2).

Expression and purification of RpEH

After induction by 0.2mM IPTG at 20 °C for 8 h, the activity of
recombinant E. coli/Rpeh toward rac-1a was 2132 U/g wet
cells, which was 2173-fold higher than that of the wild-type
strain R. paludigena JNU001 (0.98 U/g wet cells). A total of

15 mL 100 mg wet cells/mL of E. coli/Rpeh (the total number
of units of EH activity, 3710 U) were purified to obtain 63.8 mg
(2244 U) pure enzyme. The specific activity of purified RpEH
toward rac-8a was determined to be 35.2 U/mg protein.

The SDS-PAGE analysis results indicated that RpEH with
an apparent molecular weight of 48.4 kDa was expressed as a
soluble form in E. coli cells (Fig. 3, lanes 1 and 2) and was
purified to apparent homogeneity with 3.8-fold purification
and 60.5% yield (Fig. 3, lanes 3 and 4).

Substrate scope analysis of RpEH toward rac-1a–12a

In order to explore the practical applications, a range of race-
mic styrene oxide derivatives 1a–6a, phenyl glycidyl ether
derivatives 7a–10a, and straight-chain aliphatic epoxides
11a–12a was investigated using the easily available E. coli/
Rpeh wet cells as biocatalyst (Scheme 1). As shown in
Table 1, E. coli/Rpeh displayed high activities of 743–9081
U/g wet cells toward 1a and 5a–12a, while relative low activ-
ity toward nitro-substituted styrene oxide 2a–4a (24–276 U/g
wet cells). The determination of enantiomeric ratio (E value)

Fig. 1 Identification of the red yeast Rhodotorula sp. (a) Colonial morphology of red yeast R. paludigena JNU001. (b) PCR-amplified D1/D2 domain
sequence of 26s rDNA from Rhodotorula sp. (c) D1/D2 domain sequence of 26s rDNA

6204 Appl Microbiol Biotechnol (2020) 104:6199–6210



toward given rac-epoxides displayed that E. coli/Rpeh pos-
sessed the low enantioselectivity toward 1a (E = 3.5), 11a (E =
1.6), and 12a (E = 2.3), moderate enantioselectivity toward 4a

(E = 19), and high enantioselectivity toward 2a (E > 200), 3a
(E = 64), and 5a–10a (E = 49–160).

Enzymatic properties of the purified RpEH

The enzymatic properties of purified RpEH were investigated
using rac-8a as substrate. As shown in Fig. 4, RpEH exhibited
high catalytic activity at a pH range of 5.5–9.0, over which the
pH optimum was 7.0. It was highly stable at pH values rang-
ing from 6.0 to 7.5, retaining more than 85% of its original
activity (Fig. 4a). Additionally, the temperature optimum of
RpEH, at pH optimum of 7.0, was 30 °C. After being incubat-
ed at 20–50 °C for 1 h, RpEH displayed high stability at 45 °C
or below and still retained 61% activity at 50 °C (Fig. 4b). In
addition, the kinetic parameters of purified RpEH toward rac-
8a were determined. The resultant Km, Vmax, kcat, and kcat/Km

of purified RpEH toward rac-8a were 8.35 mM, 57.2 U/mg,
46.1 s−1, and 5.5 mM−1 s−1, respectively.

Enantiopreference and regioselectivity of RpEH
toward 8a

The kinetic resolution of rac-8a at low substrate concentration
(20 mM) showed that (S)-8a was preferentially hydrolyzed,
while (R)-8a was retained (Fig. 6a), indicating that RpEH
displayed (S)-enantiopreference toward 8a. The regioselec-
tivity coefficients, βS and αR, toward the two enantiomers of

Fig. 2 The multiple sequence alignment of four EHs. RpEH (QDD56409,
in this work); RaEH (AAN32663, 74.1% identity with RpEH); RtEH
(AAN32662, 63.6%); RgEH (AAF64646, 63.1%); RmEH (AAV64029,

45.2%). The conserved motifs of HGXP, GXSmXS/T, and
SmXNuXSmSm are boxed. A catalytic triad (Asp190-His385-Glu359)
and both Tyr262 and Tyr331 in RpEH are marked with stars

Fig. 3 SDS-PAGE analysis of the expressed RpEH. Lane M, standard
proteins; lane 1, E. coli/pET-28a whole cells; lane 2, E. coli/Rpeh whole
cells; lanes 3 and 4, purified RpEH
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8a were calculated to be 99.7 and 83.2%, indicating that the
Cβ of favored (S)-8a was specifically attacked to form (S)-8b
in reversion configuration, while the Cα of disfavored (R)-8a
was mainly to attacked to form (S)-8b in retention configura-
tion (Fig. 6b).

Kinetic resolution of rac-8a at high concentration

In order to facilitate the development of practical applications,
with only 10 g/L E. coli/Rpeh wet cells (about 1.6 g/L dry
cells) as the catalyst, the kinetic resolution of rac-8a was per-
formed in 100 mM phosphate buffer (pH 7.0) at a higher
substrate loading of 400, 600, 800, and 1000 mM, respective-
ly (Fig. 5). The (S)-8a was quickly hydrolyzed to correspond-
ing (S)-8b and retaind (R)-8a with both high ee and yeild

values within a short reaction time (Table 2). Especially, the
kinetic resolution of rac-8a was smoothly achieved at high
substrate concentration (1000 mM,164.2 g/L) and a very
low catalyst loading (in terms of substrate/catalyst ratio, 16.4
g/g wet cells) with 2.5 h, obtaining (R)-8awith > 99% ees and
46.7% yields, producing (S)-8b with 93.2% eep and 51.4%
yieldp. The space-time yield (STY) values of (R)-8a and (S)-
8b reached 30.6 and 37.3 g/L/h, respectively.

Preparation of (R)-8a by E. coli/Rpeh

Furthermore, a gram-scale kinetic resolution of rac-8a (4.1 g,
1000mM) was performed in 25mL phosphate buffer (pH 7.0)
using 0.25 g E. coli/Rpeh wet cells as biocatalyst at 30 °C for
2.5 h. (R)-o-Methylphenyl glycidyl ether (R)-8a: colorless oil;
1.89 g; isolated yield 46.0%; ees > 99.0% (HPLC); 1H NMR
(400MHz, CDCl3, TMS): δ 7.13–7.16 (m, 2H), 6.9 (t, J = 7.6
Hz, 1H), 6.8 (d, J = 8.0 Hz, 1H), 4.25 (dd, J1 = 3.2 Hz, J2 =
11.2 Hz, 1H), 4.00 (q, J = 5.2 Hz, 1H), 3.36–3.40 (m, 1H),
2.92 (t, J = 4.4 Hz, 1H), 2.8 (dd, J1 = 2.8 Hz, J2 = 4.8 Hz, 1H),
2.25 (s, 3H). (S)-3-(2-methylphenoxy)propane-1,2-diol (S)-
8b: white solid;2.2 g; isolated yield 48.2%; eep 92.8%
(HPLC); 1H NMR (400 MHz, CDCl3, TMS): δ 7.13–7.17
(m, 2H), 6.88 (t, J = 12.0 Hz, 1H), 6.81 (d, J = 8.0 Hz, 1H),
4.11–4.14 (m, 1H), 4.04–4.02 (m, 2H), 3.76–3.87 (m, 2H),
2.22 (s, 1H). The HPLC spectra and the NMR spectra for (R)-
8a and (S)-8b are in the supplementary information (Figs. S2,
S3, and S4).

As compared to other reported EHs (Table 3), obviously,
the easily available and highly active E. coli/Rpeh with high
enantioselectivity is a technically competitive and economi-
cally viable biocatalyst for preparing chiral (R)-8a.

Discussion

Since Weijers and co-workers discovered that one red yeast
R. glutinis CIMW 147 displayed enantioselective toward aryl,
alicyclic, and aliphatic epoxides, yeast EHs have been attracted
much attention (Weijers 1997). By screening of 187 yeast
strains from 25 different genera, Botes and co-workers found
that 54 yeast strain displayed EH activity toward 1,2-
epoxyoctane (12a), while only 8 yeasts belonging to
Trichosporon, Rhodotorula, and Rhodosporidium genera
displayed enantioselectivity (Botes 1998). In the current study,
we identified a new red yeast R. paludigena JNU001 by ana-
lyzing its D1/D2 domain of 26S rDNA, which showed the EH
activity of 0.98 U/g wet cells toward typical substrate rac-1a.

Furthermore, an EH-encoding sequence Rpeh from
R. paludigena JNU001 was successfully cloned and expresed
inE. coliBL21. The whole cell activity ofE. coli/Rpeh toward
rac-1a was improved by 2173-fold compared to the
R. paludigena JNU001. The primary structure of RpEH shares

Fig. 4 Effects of pH values (a) and temperatures (b) on the catalytic
activity and stability of RpEH. (a) pH ranging from 5.5 to 9.0:
Na2HPO4–citric acid buffer (pH 5.5–7.0) and Tris–HCl buffer (pH 7.5–
9.0). The value at pH 7.0 was set as 100%. (b) The value at 30 °C was set
as 100%. All experiments were performed in triplicate
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less than 75% identity with the reported four red yeast EHs
from R. araucariae, R. glutinis, Rhodosporidium toruloides,
and R. mucilaginosa, which demostrated that RpEH as a novel
EH may display different catalyst characteristics.

For further research, we studied the properties of E. coli/
Rpeh catalysis 1a to 12a. As is well known, styrene oxide (1a)
is a typical substrate for EHs. The highest substrate concen-
tration was reported with the EH from R. glutinis, with a
concentration of 1.8 M and a yield of 41% with 98% ee
(Yoo et al. 2008). Unfortunately, although RpEH had high
catalytic activity for 1a, the enantioselectivity was low (E =
3.5). But interestingly, RpEH had superior enantioselectivity
and catalytic activity for both nitrostyrene oxides (2a, 3a, 4a)
and chlorosytrene oxides (5a, 6a). Among them, the most

representative catalytic properties were for 6a (E = 58, 1463
U/g wet cells), which was higher than previously reported for
Sphingomonas sp. HXN-200 (E = 14, 920 U/g lyophilized
cell) (Wu et al. 2013). RpEH had high activity and
enantioselectivity for both PGE (7a) and methyl substituted
PGE (8a, 9a, 10a). In these substrates, the highest
enantioselectivity (E = 101) was achieved when 8a was used
as the substrate. 8a was used as substrate for various EHs,
including TpEH (Wu et al. 2015), VrEH3 (Hu et al. 2017),
and REH (Woo et al. 2010). Among all the known native EHs,
the novel RpEH from R. paludigena JNU001 identified in this
study had the best E and the highest whole cell catalytic ac-
tivity to 8a (Table 3). RpEH had not only a high (S)-
enantiopreference (E = 101) for 8a but also a high and

Fig. 5 Time curve of the kinetic resolution with 400 (a), 600 (b), 800 (c), and 1000mM (d) 8a and corresponding the diol. (R)-8a is shown in (○), (S)-8a
in (●), ees of epoxide in green Δ, eep of diol in red Δ, and c in cyan ■

Table 2 Kinetic resolution of rac-8a at different concentrations by E. coli/Rpeh wet cells

Substrate (mM) E. coli/Rpeh wet cells (g/L) Time (min) ees (%) eep (%) c (%) Yields (%) Yieldp (%) STYs (g/L/h) STYp (g/L/h)

20 0.2 180 > 99(R) 91.4(S) 51.9 48.1 49.7 0.53 0.60

400 10 60 > 99(R) 95.0(S) 53.2 46.8 51.9 30.7 37.8

600 10 90 > 99(R) 92.8(S) 53.4 46.6 51.5 30.6 37.5

800 10 120 > 99(R) 91.3(S) 53.1 46.9 50.8 30.8 37.0

1000 10 150 > 99(R) 91.9(S) 53.4 46.6 51.2 30.6 37.3
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complementary regioselectivity (αR = 99.7%, βS = 83.2%).
The high (S)-enantiopreference means during the kinetic res-
olution of rac-8a, (S)-8a will be preferentially hydrolyzed but
(R)-8awill be retained (Fig. 6a). The high and complementary
regioselectivity indicated that the Cβ of favored (S)-8a was
specifically attacked to form (S)-8b in reversion configuration,
while the Cα of disfavored (R)-8a was mainly to attacked to
form (S)-8b in retention configuration (Fig. 6b). Therefore,
under the synergistic action of those two characteristics, a near
perfect kinetic resolution of rac-8a was achieved, affording
both (R)-8a in > 99% ees and (S)-8b in 91.4% eep and near-

theoretical yield of 50% (Table 2). Moreover, the reported
EHs from Bacillus megaterium ECU1001 (Zhao et al. 2011)
as whole cell catalysts are able to prepare enantiopure (S)-8a
and derivatives. The EH from B. megaterium is highly selec-
tive toward (R)-8a, complementary to RpEH. This unusual
EH with (R)-enantioselectivity exhibited excellent activity
and enantioselectivity for 8a. Additionally, this EH has been
overexpressed in E. coli successfully. Thus, both enantiomers
of 8a could be obtained by EH efficiently. Some studies re-
ported that red yeast-derived EHs like RaEH, RtEH, and
RgEH had excellent catalytic activity and enantioselectivity
for aliphatic oxides (Botes et al. 1998; Matsumoto et al.
2014). For example, RgEH from R. glutinis strain CIMW
147 was able to hydrolyze rac-11a resulted in (S)-11a (ee >
98%, yield = 48%) and (R)-11b (ee = 83%, yield = 47%)
(Weijers et al. 1998). Unlike other red yeast-derived EHs,
RpEH had high catalytic activity for 11a, 12a but very poor
enantioselectivity for such substrates. In future research, we
may be able to improve the enantioselectivity ofRpEH for 11a
and 12a by directed evolution and broaden its application
range.

By comparing the pure enzyme activity (35.2 U/mg) with
whole cell catalytic activity (2473 U/g wet cells) using 8a as a
substrate, the total number of units of EH activity for the
expression (3710 U ) with for the purification (2244 U), ob-
serving the result of protein purification, we found that the
expression of RpEH in E. coli was very successful and the
expression quantity was high. That makes it possible to pre-
pare chiral epoxides and diols at high substrate concentrations
using E. coli/Rpeh wet cells and avoids cumbersome purifica-
tion process. Furthermore, RpEH maintained high activity
over more wide pH and temperature ranges (Figs. 3 and 4)
and had good stability in those range. These properties are
important in industrial applications (Zheng and Xu 2011),
revealing the enormous potential of RpEH.

In this study, we achieved near-perfect kinetic resolution in
a simple phosphate buffer system. A small amount of
E. coli/Rpeh (10 mg/ml wet cells) could catalyze the asym-
metric hydrolysis of rac-8a at high concentrations (1000 mM),

Table 3 Kinetic resolution of rac-8a by reported native EHs

Enzyme source Catalytic form Conc. (mM) Temp (°C) Time (h) E value ees (%) Yieldsa (%) STYsa

(g/L/h)
Reference

Trichosporon
loubierii

Lyophilized cells 45 30 6 41 > 99% (R) 40 0.49 Xu et al. (2004)

Bacillus alcalophilus Growing cells 6 30 24 64 > 99% (S) 38 0.015 Bala and Chimni (2010)

Bacillus megaterium E. coli purified
enzyme

183 30 6 > 200 > 99% (S) 49 0.32 Zhao et al. (2011)

Vigna radiata E. coli wet cells 200 25 1 48.7 > 99% (R) 38.7 13.7 Hu et al. (2017)

R. paludigena JNU001 E. coli wet cells 1000 30 2.5 101 > 99% (R) 46.7 30.7 This study

aYield and space-time yield (STY) for substrate

Fig. 6 The kinetic resolution of rac-8a at low substrate concentration (20
mM) (a) and regioselectivity of RpEH toward two enantiomers of 8a (b)
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giving (R)-8a with more than 99% enantiomeric excess (ees)
and producing (S)-8b with 93.2% eep. By comparing with
reported native EHs (Table 3), we found that the STY for
producing (R)-8a was the highest in our knowledge. We
achieved preparation of optically pure (R)-8a (1.89 g) and
(S)-8b (2.2 g) in a amplification system, which is composed
of 25 mL pH 7.0 phosphate buffer, 25 mmol rac-8a, and
0.25 g E. coli/Rpeh wet cells. Under normal circumstances,
when the kinetic resolution is carried out under high concen-
tration conditions, many problems will seriously affect the
progress of the reaction, like substrate inhibition and product
inhibition. In order to overcome these problems and enable
EH to be used in industrial production, several approaches
were developed to overcome stringent bottlenecks, like using
water-miscible cosolvent, water-immiscible biphasic system
(Deregnaucourt et al. 2007), and hollow fiber membrane
bioreactor–based aqueous/organic biphasic system (Gao
et al. 2017). However, these methods will bring about a rising
cost and inevitably introduce a large amount of organic sol-
vents that are difficult to be processed, which is contrary to the
concept of green chemistry. For example, in the water-
immiscible biphasic system, n-hexane is often used as the
organic phase to reduce product inhibition. But, it is unrealis-
tic to use large amounts of this solvent in industrial produc-
tion, because n-hexane is expensive, toxic, and will be misci-
ble with the products making it difficult to separate. E. coli/
Rpeh made it possible to perform high-concentration kinetic
resolution without complex systems.

In conclusion, we successfully cloned and expressed a nov-
el EH (RpEH) from R. paludigena JNU001, which was iden-
tified by 26S rDNA sequence analysis. The substrate spectrum
of expressed RpEH showed that the transformant E. coli/Rpeh
had excellent enantioselectivity to 2a (E > 200), 3a (E = 64),
and 5a–10a (E = 49–160), among which E. coli/Rpeh had the
highest activity (2473 U/g wet cells) for 8a, and its regiose-
lectivity coefficients, αR and βS, toward (R)- and (S)-8a were
99.7 and 83.2%, respectively. The resultantKm, Vmax, kcat, and
kcat/Km of purified RpEH toward rac-8a were 8.35 mM, 57.2
U/mg, 46.1 s−1, and 5.5 mM−1 s−1, respectively. Furthermore,
we used 8a as a model substrate to study the application po-
tential of E. coli/Rpeh in industrial production. Using only
10 mg wet cells/mL of E. coli/Rpeh, the near-perfect kinetic
resolution of rac-8a at a high concentration (1000 mM) was
achieved within 2.5 h, giving (R)-8a with more than 99%
enantiomeric excess (ees) and 46.7% yield and producing
(S)-8b with 93.2% eep and 51.4% yield with high STY for
(R)-8a and (S)-8bwere 30.6 and 37.3 g/L/h. We also achieved
efficient scale preparation of optically pure (R)-8a (1.89 g,
isolated yield 46.0%; ees > 99.0%) and (S)-8b (2.2 g, isolated
yield 48.2%; eep 92.8%) in 25 mL phosphate buffer (pH 7.0)
at high substrate concentration (1000 mM) by using a small
amount of E. coli/Rpeh wet cells (0.25 g). Therefore, the
E. coli/Rpeh, which can produce desired epoxides and vicinal

diols in high enantiomeric excess (ee), high yield, and high
concentration at low catalyst loading, is an attractive biocata-
lyst for potential utilization in chiral synthesis.
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