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ABSTRACT: A unique epoxide hydrolase (SpEH) from
Sphingomonas sp. HXN-200 was identified and cloned based
on genome sequencing and expressed in Escherichia coli. The
engineered E. coli (SpEH) showed the same selectivity and
substrate specificity as the wild type strain and 172 times
higher activity than Sphingomonas sp. HXN-200 for the
hydrolysis of styrene oxide 1. Hydrolysis of racemic styrene
oxide 1, substituted styrene oxides 3, 5—7, and N-
phenoxycarbonyl-3,4-epoxypiperidine 8 (200—100 mM) with
resting cells of E. coli (SpEH) gave (S)-epoxides 1, 3, 5—7 and
(=)-8 in 98.0—99.5% enantiomeric excess (ee) and 37.6—
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46.5% yield. Hydrolysis of cyclopentene oxide 9, cyclohexene oxide 10, and N-benzyloxycarbonyl-3,4-epoxypyrrolidine 11 (100
mM) afforded the corresponding (R, R)-vicinal trans-diols 12—14 in 86—93% ee and 90—99% yield. The ee of (IR, 2R)-
cyclohexane-1,2-diol 13 was improved to 99% by simple crystallization. These biotransformations showed high specific activity
(0.28—4.3 U/mg cdw), product concentration, product/cells ratio, and cell-based productivity. Hydrolysis at even higher
substrate concentration was also achieved: (S)-1 was obtained in 430 mM (51 g/ Lorg) and 43% yield; (1R, 2R)-13 was obtained
in 500 mM (58 g/L) and >99% yield. Gram-scale preparation of epoxides (S)-1, (S)-3, (S)-6 and diols (1R, 2R)-12, (1R, 2R)-13,
(3R, 4R)-14 were also demonstrated. E. coli (SpEH) cells showed the highest enantioselectivity to produce (S)-1 (E of 39)
among all known EHs in the form of whole cells or free enzymes and the highest enantioselectivities to produce (S)-3, S, 6, 7,
(—)-8, and (R, R)-14 (E of 36, 35, 28, 57, 22, and 28) among all known EHs. The easily available and highly active E. coli (SpEH)
cells are the best biocatalysts known thus far for the practical preparation of these useful and valuable enantiopure epoxides and

vicinal diols via hydrolysis.
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B INTRODUCTION

Epoxide hydrolase (EH)-catalyzed enantioselective hydrolysis
of racemic and meso-epoxides provides a simple and green
method for the syntheses of enantiopure epoxides and vicinal
diols that are useful and valuable synthons and chiral
pharmaceutical intermediates.' ™ EHs are cofactor independ-
ent, relatively stable, and widely spread in nature. Many
microbial EHs have been discovered, cloned, and engineered
for organic syntheses.' * Nevertheless, it is still a significant
challenge to develop easily available, highly active, and highly
enantioselective EH for the practical production of desired
epoxides and vicinal diols in high enantiomeric excess (ee), high
yield, and high concentration at low catalyst loading within
short reaction time.

We are interested in developing a novel EH and engineering
a powerful biocatalyst for the practical preparation of useful and
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valuable chiral epoxides (S)-1—7, (—)-8, and vicinal diols (R,
R)-12—14 (Scheme 1). (S)-styrene oxide 1 is an intermediate
for the synthesis of nematocide,” anticancer agent6 Levamisole,
and anti-HIV agent (—)-hyperolactone C.” (S)-2-, 3-, and 4-
chlorostyrene oxides 2—4 are useful in the preparation of
antiviral agents EMI39.3, EMI40.1, and EMI37.1, respectively.8
In addition, (S)-3 is an intermediate for the preparation of IGF-
IR kinase inhibitor BMS-536924." (S)-4-fluorostyrene oxide
(8)-6 and (S)-3-bromostyrene oxide (S)-7 are useful for
synthesizing several potential bioactive compounds,'”'" while
(—)-N-phenoxycarbonyl-3,4-epoxypiperidine 8 is an intermedi-
ate for the preparation of a single enantiomer of antidepressant
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Scheme 1. Enantioselective Hydrolysis of Racemic and Meso-Epoxides with Recombinant E. coli (SpEH) expressing EH from

Sphingomonas sp. HXN-200
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Ifoxetine sulfate'” and prokinetic agent Cisapride hydrate."
(1R, 2R)-cyclopentane-1,2-diol 12 is useful for the preparation
of hepatitis C virus NS3-NS4A protease inhibitors'* and chiral
ligands of enantioselective catalysts."> (1R, 2R)-cyclohexane-
1,2-diol 13 is a chiral auxiliary'® and also a starting material in
the synthesis of several anticancer compounds.'”'® (3R, 4R)-
3,4-dihydroxypyrrolidine 14 is an intermediate for the
preparation of antibiotics,'® Sialyl Lewis X mimetics,*® and
aza-sugars.

Many EHs have been reported for the syntheses of these
target compounds. EHs from Asgergillus niger exhibited an
enantioselectivity factor (E) of 16,>* 5, 2,%* 80,>* 14,> and 2**
for the hydrolysis of racemic epoxides to give (S)-1—4, 6,and 7,
respectively; EH from Agrobacterium radiobacter showed an E
of 16,%° 16,%° 10,%° and 15%° for the hydrolysis to give (S)-1—4,
resgaectively; and EH from Rhodotorula glutinis gave an E of
15”7 for the hydrolysis of racemic 1 to give (S)-1. With the
exception of EH of A. niger for producing (S)-4, the
enantioselectivities of these EHs are not satisfactory. Recently,
we discovered Sphingomonas sp. HXN-200 containing a novel
EH giving an E of 29, 12, 41, and 11 for the hydrolysis of
racemic epoxide 1—4 to give (S)-1—4, respectively.”** This
EH is more enantioselective than other known EHs for
producing (S)-1 and (S)-3. It is also the only known EH for the
hydrolysis of racemic 8 to give (—)-8 with good selectivity (E =
21).*° Regarding the enantioselective hydrolysis of meso-
epoxides, EH from R. glutinis produced vicinal diols (1R, 2R)-
12 in 98% ee and (IR, 2R)-13 in 90% ee, respectively;’' EH
from A. radiobacter gave (1R, 2R)-13 in 99% ee;>> and
engineered EH BD10721, BD9883, and BD9884 afforded (1R,
2R)-12 in 90% ee, (1R, 2R)-13 in 96% e¢, and (3R, 4R)-14 in
93% ee, respectively.”® Interestingly, our recently discovered EH
from Sphingomonas sp. HXN-200 also catalyzed the enantio-
selective hydrolysis of meso-epoxides, giving (3R, 4R)-14 with
higher ee (95% ee).*>**

Thus far, there are only a few reported examples of using EH
to prepare enantiopure epoxides and diols in high concen-
tration.***>™** In the best two known examples, immobilized
EH from A. niger (20 g/L) was used to prepare S00 mM (S)-1
in 99% ee and 50% yield,40 and crude EH preparation from A.
niger (256 g/L) was applied to produce 940 mM (S)-4 in 99%
ee and 47% yield.** From a practical point of view, the use of
easily available and low-cost whole cell biocatalysts is a much
more economical alternative. However, in the only reported
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example of whole-cell based biotransformation with high
product concentration, the recombinant cells expressing EH
from R. glutinis were used at 92 g cdw/L for the hydrolysis of
racemic 1 at 4 °C for 24 h to give 719 mM (S)-1 in 98% ee and
41% yield.* Obviously, the activity of the cells is too low, and
the required cell density is too high for practical application.
For the EH from Sphingomonas sp. HXN-200, the whole-cell
activity of the wild type strain was also too low.”*~>° Moreover,
the growth of Sphingomonas sp. HXN-200 on n-octane is
difficult. Here we report the identification and cloning of the
EH from Sphingomonas sp. HXN-200, the engineering of
recombinant E. coli cells expressing the EH as a highly active,
easily available, and low-cost catalyst for the enantioselective
hydrolysis of racemic and meso-epoxides, and the whole cell-
based preparation of epoxides (S)-1—7, (—)-8 and vicinal trans-
diols (R, R)-12—14 in high concentration and high ee at low
catalyst loading within a short reaction time.

B RESULTS AND DISCUSSION

Genetic Engineering, Cell Growth, and Specific
Activity of Recombinant E. coli Strain Expressing
SpEH. Genome information is a valuable source to identify
powerful enzymes from microbes.** To identify and clone
the EH, the whole genome of Sphingomonas sp. HXN-200 was
sequenced. Bioinformatic analysis suggested four putative EH
genes from a total of 4544 possible open reading frames
(genes) in the genome. Primers were designed to amplify the
four possible EHs’ genes from the genome by polymerase chain
reaction (PCR); the amplified products were digested with
their respective restriction enzymes, the products were ligated
into pRSFduet vector, and the resulting plasmids were
transformed into chemical competent E. coli cells. All four
putative EHs were heterologously expressed in E. coli; however,
only one EH (SpEH) was found to be active for the hydrolysis
of racemic styrene oxide 1 to give the corresponding diol.

The gene of SpEH consists of 1146 bp encoding a 381 amino
acids polypeptide with a calculated molecular weight of 43.04
kDa. A BLASTP search against the NCBI protein database
reveals that the most related protein is a putative EH from
marine gamma proteobacterium HTCC2148, which shares 54%
amino acid identity. The low identity suggests that SpEH is
unique. Multiple alignments of SpEH and other known EHs
(Supporting Information, Figure S1) showed that SpEH shares
the conserve motifs (H-G-X-P and G-X-Sm-X-S/T), the
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catalytic trial (D-H-D/E), and two conserve Y229 and Y294
with other known EHs, such as EHs from A. radiobacter* and
A. niger** This indicates a similar reaction mechanism of SpEH
to these EHs.

The recombinant E. coli (SpEH) grown easily in TB medium,
and the expression of SpEH was induced by adding IPTG. As
shown in Figure 1, a cell density of 4.0—4.5 g cdw/L was
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Figure 1. Cell growth and specific activity for the hydrolysis of (+)-1
of E. coli (SpEH). M: cell density; A: specific activity. Cells were
initially grown at 37 °C, induced at 2 h by the addition of IPTG (0.5
mM), and then grown at 25 °C.

achieved at 12—15 h. Cells taken at different time points
showed different activity toward the hydrolysis of racemic
styrene oxide 1. The highest specific activity was observed for
the cells grown at 11—14 h at the late exponential growing
phase. The expressing of SpEH was clearly shown in the SDS-
PAGE of the cell-free extracts (CFE) of the E. coli cells taken at
14 h (Figure 2, Lane 3). The specific activity of the E. coli cells
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Figure 2. SDS-PAGE. Lane 1: Marker; Lane 2: cell debris of E. coli
(SpEH); Lane 3: cell free extract of E. coli (SpEH); Lane 4: purified
His-tagged SpEH.

reached 1.6 U/mg cdw which is 172 times higher than that of
the cells of the wild-type strain Sphingomonas sp. HXN-200 (9.3
U/g cdw).”® These results demonstrated clearly that E. coli
(SpEH) cells are highly active and easily available biocatalyst
for epoxide hydrolysis. The use of the E. coli cells as catalyst is
of economic advantage over the use of CFE or purified enzyme.
In addition to the higher specific activity, E. coli cells gave also
cleaner reaction than the wild-type cells which contain the EH
at low level and also other enzymes for side reactions.
Kinetics of Enantioselective Hydrolysis of Styrene
Oxide 1 with the Recombinant SpEH. An E. coli strain
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expressing SpEH with His-tagged at the C-terminal was
genetically engineered to facilitate the purification of SpEH.
Cells were produced and broken, and the CFE was subjected to
affinity chromatography with a Ni-NTA column. His-tagged
SpEH was purified to apparent homogeneity as indicated in
SDS-PAGE (Figure 2, Lane 4), with the molecular weight of 46
kDa. This value is very close to the calculated one of 43.9 kDa.
The specific activity for the hydrolysis of styrene oxide 1 was
determined to be 16 U/mg protein for His-tagged SpEH. A set
of hydrolysis reactions was performed with SpEH (1 ug/mL) at
various concentrations (0.2—8 mM) of (S)-1 and (R)-1,
respectively, to determine the kinetic data. The initial velocities
at different substrate concentrations were used for a Line-
weaker—Burk plot (1/v vs 1/[S]). The following data were
obtained from the plot: K, of 1.24 mM, V. of 10.3 umol
min~" mg™!, k., of 7.4 57!, and k,/K,, = 6.0 mM ™' 57" for the
hydrolysis of (S)-1; K, of 0.15 mM, V,,. of 19.8 gmol min™"
mg ™!, ke of 142 s7), and k/K,, of 97.3 mM™' s7' for the
hydrolysis of (R)-1. The enantioselectivity factor E was
calculated from (K. /K®,)/(k° /K, as 16 for the hydrolysis
of racemic styrene oxide 1. This value is slightly lower than the
E value of 21-23 established previously by the kinetic
resolution of 1 with resting cells of Sphingomonas sp. HXN-
200 in the same single aqueous phase system.*®

Enantioselective Hydrolysis of Racemic Epoxides 1-8
with Resting Cells of E. coli (SpEH). Resting cells of E. coli
(SpEH) were explored for the enantioselective hydrolysis of
racemic epoxides 1—8 in a two-phase system consisting of n-
hexane/aqueous buffer (1:1). In such a system, n-hexane acts as
a reservoir of the substrate, which reduces the nonenzymatic
hydrolysis as well as the toxic effect of the epoxide on cells; the
maintaining of diol products in aqueous phase allows for easy
separation of epoxides and diols.*” As listed in Table 1,
substrate concentration of 200—100 mM and cell density of
0.5—1.0 g cdw/L were used. (S)-1 was produced in 99.1% ee
and 41.6% yield after 2.5 h reaction, with a specific activity of
1.4 U/mg cdw. The enantioselectivity factor E reached 30,
similar to that obtained with the cells of the wild-type stain
Sphingomonas sp. HXN-200 in the same two-liquid phase
system.

Furthermore, hydrolysis of epoxide 3, 5—7 gave (S)-3, (S)-
5—7 in 98.0—99.4% ee and 42.3—46.5% yield within 1.5—5.5 h.
The E values of 36, 35, 28, and 57 represent the highest
enantioselectivities among all the known EHs for the
preparation of (8)-3,>** (S)-5, (5)-6,>>*° and (S)-7,%
respectively. The specific activities of 2.9—0.88 U/mg cdw for
the E. coli cells were also very high. Compared to the epoxides
with a substitution at the para or ortho position (2, 4, 6), the
epoxides with a substitution at the meta position (3, S, 7) were
hydrolyzed faster (higher specific activity) and more selectively
(higher E). This preference is significantly different from other
well-known EHs (such as EH from A. niger’>”°), indicating the
unique substrate specificity and special synthetic application of
SpEH.

In addition, E. coli (SpEH) cells showed an E value of 22 for
the hydrolysis of 100 mM N-phenoxycarbonyl epoxypiperidine
8 to give (—)-8 in 99.5% ee and 37.6% yield. The specific
activity reached 4.3 U/g cdw, and the resolution was completed
within only 25 min.

In the view of even more practical applications, the
enantioselectivity of SpEH could be further improved.
Currently, we are working on the directed evolution®” of this
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Table 1. Enantioselective Hydrolysis of Racemic Epoxides 1—8 with Resting Cells of E. coli (SpEH)”

sub. conc. (mM)®? cell density (g cdw/L)* time (min)
1 200 0.5 150
2 200 1.0 420
3 200 0.5 330
4 200 0.5 480
S 200 0.5 90
6 200 0.5 280
7 150 0.5 180
8 100 1.0 25

activity (U/mg cdw)? prod. ee (%)° yield (%)¢ 4
14 (5)-1 99.1 41.6 30
028 (8)-2 99.3 199 7
22 (8)-3 98.0 443 36
0.92 (S)-4 98.1 35.1 14
2.5 (S)-5 99.4 423 35
0.88 (8)-6 98.3 423 28
29 (8)-7 98.0 46.5 57
43 (-)-8 99.5 37.6 22

“The reaction was performed in a two-phase system consisting of Tris—HCI buffer (50 mM, pH 7.5) and n-hexane (1:1). YConcentration was based
on the volume of organic phase. “Cell density was based on the volume of aqueous phase. “Specific activity was determined at 30 min. “ee value and
yield were determined by chiral HPLC analysis. ’E value was calculated by E = In[(1 — ¢)(1 — ee,)]/In[(1 — ¢)(1 + ee,)].

Table 2. Enantioselective Hydrolysis of Meso-Epoxides 9—11 with Resting Cells of E. coli (SpEH)“

sub. conc. (mM) cell density (g cdw/L) time (min)
9 100 1.0 360
10 100 1.0 120
11 100 1.0 60

activity (U/mg cdw)®

prod. ee (%)° yield (%)? E°
0.34 (1R, 2R)-12 88 99 16
081 (1R, 2R)-13 86 99 13
23 (3R, 4R)-14 93 90 28

“The reaction was performed in Tris—HCI buffer (50 mM, pH 7.5). bSpeciﬁc activity was determined at 30 min. “ee value was determined by chiral
GC analysis. “Yield was determined by GC analysis. °E value was calculated by E = (1 + ee,)/(1 — ee,).

EH to enhance its enantioselectivity toward the hydrolysis of
racemic epoxides 1—8.

Enantioselective Hydrolysis of Meso-Epoxides 9—11
with Resting Cells of E. coli (SpEH). Biotransformation of
meso-epoxides 9—11 at 100 mM were carried out with resting
cells of E. coli (SpEH) at a cell density of 1.0 g cdw/L. Aqueous
buffer was used as a single phase for the reaction, since the
nonenzymatic hydrolysis rates were low for these cyclic
epoxides. As shown in Table 2, the corresponding (R, R)-
vicinal trans-diols 12—14 were produced in 86—93% ee and
90—99% yield, respectively. Although the ee of (1R, 2R)-12 is
lower than that obtained with EH from R. glutinis, the specific
activity of 0.34 U/mg cdw is much higher than that of the R.
glutinis cells.>* The ee of (1R, 2R)-13 is also lower than that
obtained with EH from A. radiobacter;®* however, a simple
crystallization in ethyl acetate improved the ee to 99%. The high
specific activity of 0.81 U/mg cdw makes the application of the
E. coli (SpEH) cells for the preparation of (1R, 2R)-13 practical.
The E. coli (SpEH) cells showed also very high activity (2.3 U/
mg cdw) for the hydrolysis of meso-epoxide 11 to (3R, 4R)-14,
allowing for the completion of the reaction within 1 h. The
enantioselectivity for this substrate is the best among known
examples.>

Synthesis of (S)-Styrene Oxide 1 in High Concen-
tration by Enantioselective Hydrolysis of Racemic
Epoxide 1 with Resting Cells of E. coli (SpEH). The easily
available and highly active E. coli (SpEH) cells were examined
for the hydrolysis at even higher substrate concentration. For
demonstration, styrene oxide 1 was chosen as a model
substrate. One M (120 g/Lorg) racemic 1 was hydrolyzed in a
simple two-phase system consisting of n-hexane:aqueous buffer
(1:1) at a density of E. coli (SpEH) cells of 5.0 g cdw/L,q. As
shown in the time course of the biotransformation (Figure 3),
the decrease of (R)-1 is linear during the first 40 min, and the
reaction finished within 1 h to give (S)-1 >99% ee and 43%
yield. The E value at this high substrate concentration was 39,
which is the highest among all EHs in the form of free enzyme,
cell extracts, or whole cells.”>******75° The product concen-
tration reached 430 mM in organic phase (51 g/ Lorg), and the

755

600 100

90

500 80

E 400 70
B
é 60 ¢
< 2
.2 300 50 £
=] ]
© >
= 40 §
] o
§ 200 30 @
S ]

100 20

10

0 T — 0
0 10 20 30 40 50 60
Time (min)

Figure 3. Time course of the enantioselective hydrolysis of 1 M
racemic styrene oxide 1 with resting cells of E. coli (SpEH) (S g cdw/
L) in a two-phase system consisting of Tris—HClI buffer (50 mM, pH
7.5) and n-hexane (1:1). O: (S)-1 concentration; M: (R)-1
concentration; A: ee of remaining 1; X : conversion of 1. The error
bar represents standard deviation of three independent experiments.

overall space-time-yield amounted to 26 g/L/h. The cell-based
specific productivity reached 10.3 g/h/g cdw. This value is 542
times higher than that (0.019 g/h/g dry weight of cell-free
extracts) with Sphingomonas sp. HXN-200.>® It is also 264 times
higher than that (0.039 g/h/g cdw) achieved in recombinant R.
glutinis EH-catalyzed kinetic resolution of 1.8 M 1 at a cell
density of 92 g cdw/L for 24 h.** Obviously, E. coli (SpEH)
cells are highly productive catalyst for the resolution of styrene
oxide 1 to prepare (S)-1.

Synthesis of (1R, 2R)-Cyclohexane 1,2-Diol 13 in High
Concentration by Enantioselective Hydrolysis of Meso-
Epoxide 10 with Resting Cells of E. coli (SpEH). There is
no report on EH-catalyzed enantioselective hydrolysis of meso-
epoxides in high concentration. The E. coli (SpEH) cells were
thus examined for the hydrolysis of cyclohexene oxide 10, as a
mode meso-epoxide, in high concentration. The reaction was
carried out in aqueous buffer. Because of the limited solubility

dx.doi.org/10.1021/cs300804v | ACS Catal. 2013, 3, 752—-759
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of 10, a second phase was formed initially at high substrate
concentration, and it was emulsified into aqueous buffer during
the course of biotransformation. Various substrate concen-
trations and cell densities were tested, while their ratio was fixed
at 100 mM: 1 g cdw/L. As shown in Figure 4, the higher

100 -
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Conversion %
ey
o
\

A B C D E F

Figure 4. Conversion of the enantioselective hydrolysis of cyclohexene
oxide 10 with resting cells of E. coli (SpEH) in Tris—HCI buffer (50
mM, pH 7.5) at various substrate concentration (mM), cell density (g
cdw/L), and reaction time. A: 200 mM substrate, 2 g cdw/L cells, 2 h;
B: 400 mM substrate, 4 g cdw/L cells, 3 h; C: 600 mM substrate, 6 g
cdw/L cells, 3 h; D: 800 mM substrate, 8 g cdw/L cells, 3 h; E: 1000
mM substrate, 10 g cdw/L cells, 3 h; F: 500 mM substrate, 10 g cdw/L
cells, 1 h.

substrate concentration, the lower the conversion. While 200
mM and 400 mM 10 were fully converted to (1R, 2R)-diol 13
in 86% ee in 2 and 3 h, respectively, 600 mM, 800 mM, and 1 M
substrate were transformed to (1R, 2R)-13 in only 70%, 45%,
and 17%, respectively, after 3 h reactions. Obviously, substrate
at these concentrations can become toxic to the cells and
inhibit the catalytic activity. To achieve high conversion at
higher substrate concentration, higher cell density was applied.
For instance, at the cell density of 10 g cdw/L, S00 mM 10 was
transformed to diol 13 in >99% yield (58 g/L) in 1 h. To our
knowledge, this is the first example of EH-catalyzed
enantioselective hydrolysis of meso-epoxide to give high product
concentration (>30 g/L).

Preparation of (5)-1, (S)-3, and (S)-6 with Resting Cells
of E. coli (SpEH). Enantioselective hydrolysis of styrene oxide
1 was performed on a 10-g scale. Biotransformation was carried
out in 200 mL mixture of Tris—HCI buffer and n-hexane (1:1)
containing 1 M (120 g/L,,,) styrene oxide 1 in the organic
phase and 5.0 g cdw/L,, of E. coli (SpEH) cells. Ten milliliters

of cell suspension (S g cdw/L) was added at 1 h, and the
reaction was stopped at 70 min. (S)-1 remained in 42% with
>99% ee. The space-time yield reached 18 g/L/h, which is
higher than those of known bioprocesses for the preparation of
(S)-1, including the asymmetric epoxidation of styrene.’'
Workup and flash chromatography gave 4.338 g of enantiopure
(S)-1 in 36.4% isolated yield (Table 3). Gram scale resolution
of 3 (200 mM, 30 g/L,,,) and 6 (500 mM, 69 8/Loyg) was also
achieved with the resting cells of E. coli (SpEH) under
nonoptimized conditions within 80—90 min. Enantiopure
epoxides (S)-3 and (S)-6 were obtained in 37.9% and 31.3%
isolated yields, respectively (Table 3). In addition to the high
product concentrations, the product/cells ratios (7.9—11.7 g/g
cdw) as well as cell-based specific productivities (5.7-8.8 g/h/g
cdw) of these three preparative biotransformations are also
high. These results suggested that E. coli (SpEH) is a powerful
catalyst for the practical preparation of these useful and valuable
(S)-epoxides. When E. coli (SpEH) was compared with the
well-known Jacobsen’s Co(salen) catalyst> for the preparation
of (S)-styrene oxide 1, the product/catalyst ratio is similar; but
E. coli (SpEH) showed higher catalyst-based specific
productivity (6.8 g product/h/g cells) than Co(salen) catalyst
(0.2 g product/h/g cat); moreover, E. coli (SpEH) cells are
greener and cheaper than Co(salen) catalyst.

Preparation of (R, R) Vicinal trans-Diols 12, 13, and 14
with Resting Cells of E. coli (SpEH). Practical syntheses of
vicinal trans-diols from meso-epoxides were also demonstrated.
Preparation of (1R, 2R)-1,2-cyclohexanediol 13 was performed
in 200 mL of aqueous buffer containing SO0 mM (49.1 g/L)
cyclohexene oxide 10 and 10 g cdw/L of resting cells of E. coli
(SpEH). A conversion of >99% was achieved at 2 h. The space-
time yield reached 26 g/L/h, which is attractive for industrial
application and also the highest one reported for the
biocatalytic synthesis of (1R, 2R)-13.>'">* Simple workup
afforded 10.284 g (89% isolated yield) (1R, 2R)-13 in 86% ee
(Table 4). Very importantly, the ee value was improved to 99%
by simple crystallization in ethyl acetate, with an overall isolated
yield of 68.5% starting from substrate 10. Other two useful
vicinal trans-diols (1R, 2R)-12 and (3R, 4R)-14 were also
synthesized by the enantioselective hydrolysis of meso-epoxides
9 (200 mM, 17 g/L) and 11 (200 mM, 44 g/L) with resting
cells of E. coli (SpEH) (4.0 g cdw/L), respectively (Table 4).
After >99% conversion was reached at 3 and 2 h, respectively,
simple workup afforded (1R, 2R)-12 in 87% ee and 70.4%
isolated yield and (3R, 4R)-14 in 93% ee and 94.1% isolated
yield, respectively. Moreover, the product/cells ratios (3.6—
11.1 g/g cdw) and the cell-based specific productivities (1.2—
5.6 g/h/g cdw) of these three preparations are also attractive

Table 3. Preparation of (S)-1, (S)-3, and (S)-6 by Enantioselective Hydrolysis of the Corresponding Racemic Epoxides with

Resting Cells of E. coli (SpEH)

scale sub. conc. cell density time
sub.  (mL)? (mM)® (g cdw/L)“ (min) prod.
210 1000 5.0 70 (8)-1
3 80 200 1.0 80 ()3
6 40 500 2.5 90 (5)-6

isolated yield
prod. conc. ee prod./ cells roductivity
/L)? o) (@ (%) (g/g cdw) g/h/g cdw)
50.4 >99 4.338 364 7.9 6.8
12.7 >99 0.468 37.9 11.7 8.8
26.1 >99 0.432 31.3 8.6 5.7

“The reaction was performed in a two-phase system consisting of Tris—HCl buffer (50 mM, pH 7.5) and n-hexane (1:1), and the scale was referred

to the total volume.

bConcentration was based on the volume of the organic phase. “Cell density was based on the volume of the aqueous phase.

“Product concentration was determined by chiral HPLC analysis and based on the volume of the organic phase. “ee was determined by chiral HPLC

analysis.
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Table 4. Preparation of (R, R) Vicinal trans-Diols 12, 13, and 14 by Enantioselective Hydrolysis of the Corresponding Meso-

Epoxides with Resting Cells of E. coli (SpEH)

scale sub. conc. cell density time

sub.  (mL)“ (mM) (g cdw/L) (min) prod.

9 100 200 4.0 180 (IR2R)-
12

10 200 500 10.0 120 (IR2R)-
13

11 s 200 40 120 (3RAR)-
14

isolated yield

prod. conc. ee prod./ cells roductivity
(g/L) (CONENC) (%) (g/g cdw) g/h/g cdw)
20.4 87 1.436 704 3.6 12
58.1 86 10.28 88.6 S.1 2.6
997 68.57
474 93 0.223 94.1 11.1 5.6

“The reaction was performed in Tris—HCI buffer (50 mM, pH 7.5). Product concentration was determined by GC analysis. “Product ee value was
determined by chiral GC analysis. “Product ee value and yield were obtained after crystallization in ethyl acetate.

for practical syntheses. The facile preparation of these useful
vicinal trans-diols in high ee, high concentration, and high yield
demonstrated the great application potential of the E. coli
(SpEH).

B CONCLUSION

The epoxide hydrolase (SpEH) of Sphingomonas sp. HXN-200
was successfully identified, cloned, and expressed in E. coli as an
easily available, low-cost, and highly active biocatalyst.
Hydrolysis of racemic epoxides 1, 3—8 (200—100 mM; two-
phase system) and meso-epoxides 10 and 11 (100 mM; one-
phase system) with resting cells of E. coli (SpEH) gave the
corresponding epoxides (S)-1, (S)-3—7, and (—)-8 in 99.5—
98.0% ee and 46.5—35.1% yield and vicinal trans-diols (R, R)-
13—14 in 86—93% ee and 90—99% yield, respectively. These
biotransformations showed very high specific activity (0.81—4.3
U/mg cdw), high product concentration, high product/cells
ratio, and high cell-based productivity, representing the best
results known thus far for the production of these enantiopure
epoxides and vicinal diols via hydrolysis and demonstrating the
potential for industrial application. E. coli (SpEH) cells showed
the highest enantioselectivity for producing (S)-1 (E of 39)
among all known EHs in the form of whole cells or free
enzymes as well as the highest enantioselectivities for producing
epoxides (S)-3, S, 6, 7, and (—)-8 (E of 36, 35, 28, 57, and 22)
and diol (R, R)-14 among all known EHs. Higher product
concentrations [(S)-1, 430 mM, S1 g/Lorg; (1R, 2R)-13, 500
mM, 58 g/L] were also achieved, and gram-scale preparations
were successfully performed. The ee of (1R, 2R)-13 was easily
improved to 99% by simple crystallization.

B EXPERIMENTAL SECTION

Engineering of E. coli (SpEH) Expressing Epoxide
Hydrolase from Sphingomonas sp. HXN-200. The wild
type cell Sphingomonas sp. HXN-200 was grown in E2 medium
and n-octane vapor as described previously.”® The genomic
DNA of Sphingomonas sp. HXN-200 was extracted by using
Qiagen Blood and Tissue Kit, and then sent to Beijing Genome
Institute for de novo bacterial genome sequencing (platform:
Hlumina Highseq2000). The whole genome of Sphingomonas
sp. HXN-200 was about 4.75 Mb with 4,544 open reading
frames (genes) predicted by Glimmer 3.0 software and
functional annotated by searching against the KEGG, COG,
SwissProt, TrTEMBL, NR databases. There are four possible
EHs in the genome: Spl54 (SpEH), Sp990, Sp4354, and
Sp3368. All of these putative EHs were amplified by PCR (by
using Phusion DNA polymerase) with appropriate primers
(Sp154-F: ATCG CAT ATG ATG AAC GTC GAA CAT ATC
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CGC CC and Spl154-R: ATCG CTC GAG TCA AAG ATC
CAT CTG TGC AAA GGC C for SpEH, PCR program: initial
denaturation at 98 °C for 3 min, denaturation at 98 °C for 10 s,
annealing at 70 °C for 30 s, extension at 72 °C for 4S5 s, total 32
cycles, final extension at 72 °C for 7 min). The PCR product
was subjected to double digestion with appropriate enzymes
(Ndel/Xhol for SpEH) and ligated to pRSFduet plasmid
(Novagen). The ligation products were transformed into T7
Express Competent E. coli cell (New England Biolabs) to yield
E. coli (SpEH) for recombinant protein expression and activity
test.

Cell Growth and Specific Activity of E. coli (SpEH). The
E. coli (SpEH) was grown in LB medium (2 mL) containing
kanamycin (50 mg/L) at 37 °C for 7—10 h and then inoculated
into TB (terrific broth) medium (50 mL) containing
kanamycin (50 mg/L). When OD600 reached 0.6 (around 2
h), IPTG (0.5 mM) was added to induce the expression of
protein. The cells continued to grow for 10—12 h at 25 °C and
the cell density will reach >4 g cdw/L. Then the cells were
harvested by centrifuge (5000 g, S min) and resuspended in
Tris buffer (S0 mM, pH 7.5) for activity testing or asymmetric
hydrolysis.

Activity test: freshly prepared E. coli (SpEH) cells were
diluted by Tris buffer (50 mM, pH 7.5) to 2 mL with 0.5 g
cdw/L cell density. And then a second phase n-hexane (2 mL)
containing styrene oxide 1 (200 mM) was added to the
reaction system in the flask. The reaction mixture was shaken
(250 rpm) in an incubator at 30 °C for the 30 min. 300 uL
aliquots were taken out at 0, 10, 20, and 30 min for HPLC
analysis.

General Procedure for Enantioselective Hydrolysis of
Racemic Epoxides with Resting Cells of E. coli (SpEH).
Freshly prepared E. coli (SpEH) cells were diluted by Tris
buffer (50 mM, pH 7.5) to a S mL system with required cell
density (as indicated in Table 1) in a flask (100 mL). And then
a 5 mL second phase of n-hexane containing appropriate
amount of epoxides (as indicated in Table 1) was added to the
reaction system in the flask. The reaction mixture was shaken
(250 rpm) in an incubator (New Brunswick Scientific) at 30 °C
for the appropriate time. 200 uL aliquots were taken out at
different time points for HPLC analysis. Analytic samples were
prepared by centrifugation, and then organic phases (50 uL)
were separated and diluted with n-hexane (containing 2 mM
ethyl benzene as internal standard) before HPLC analysis for
quantification of ee and concentration of the epoxides.

General Procedure for Enantioselective Hydrolysis of
Meso-Epoxides with Resting Cells of E. coli (SpEH).
Freshly prepared E. coli (SpEH) cells were diluted by Tris
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buffer (50 mM, pH 7.5) to multiple 1 mL systems with
required cell density (as indicated in Table 2) in S0 mL flasks.
Next, an appropriate amount of epoxides (as indicated in Table
2) was added to the reaction systems in the flasks. The reaction
mixture was shaken (250 rpm) in an incubator (New
Brunswick Scientific) at 30 °C for the appropriate time. One
flask was taken out at different time points and totally extracted
by adding ethyl acetate (2 mL). Analytic samples were prepared
by centrifugation, and then 300 pL of organic phases were
separated, diluted with ethyl acetate (containing 2 mM n-
dodecane as internal standard), and dried over Na,SO, before
GC quantification of ee and concentration of the epoxides.

Preparation of (S)-Styrene Oxide 1, (S)-2-(3-
Chlorophenyl)oxirane 3, and (S)-2-(4-Fluorophenyl)-
oxirane 6 by Enantioselective Hydrolysis of the
Corresponding Racemic Epoxides with Resting Cells of
E. coli (SpEH). Freshly prepared E. coli (SpEH) cells were
diluted by Tris buffer (50 mM, pH 7.5) to a 20—110 mL
system with required cell density (as indicated in Table 3) in a
250—1000 mL flask. And then a second phase n-hexane (20—
100 mL) containing appropriate amount of epoxides (as
indicated in Table 3) was added to the reaction system in the
flask. The reaction mixture was shaken (250 rpm) in an
incubator at 30 °C for the appropriate time. The reaction was
monitored by HPLC, and terminated by cooling down on ice
once the ee value of residual epoxide reached 99%. The reaction
system was then immediately extracted three more times by n-
hexane (3 X 20—100 mL), and all the organic phases were
combined. After drying over Na,SO,, the solvents were
removed by evaporation. The crude product was then purified
by flash chromatography on a silica gel column with n-
hexane:ethyl acetate = 50:1 (R; = 0.3 for all the three products).

(§)-1: Obtained as a colorless liquid after column
chromatography; yield: 36.4%; > 99% ee. 'H NMR (400
MHz, CDCly, TMS): § = 7.26—7.38 (m, SH, ArH), 3.85—3.88
(dd, ] = 4.0, 2.8 Hz, 1H), 3.14-3.16 (dd, ] = 5.2, 4.0 Hz, 1H),
2.79-2.82 (dd, J = 5.6, 2.8 Hz, 1H).

(8)-3: Obtained as a light yellow liquid after column
chromatography; yield: 37.9%; > 99% ee. 'H NMR (400 MHz,
CDCl,, TMS): & = 7.26—7.28 (m, 3H, ArH), 7.16—7.18 (m,
1H, ArH), 3.82—3.84 (dd, ] = 4.0, 2.4 Hz, 1H), 3.13—3.16 (dd,
J = 5.6, 40 Hz, 1H), 2.75—-2.77 (dd, ] = 5.6, 2.4 Hz, 1H).

(8)-6: Obtained as a colorless liquid after column
chromatography; yield: 36.4%; > 99% ee. 'H NMR (400
MHz, CDCl;, TMS): § = 7.22—7.27 (m, 2H, ArH), 7.00—7.06
(m, 2H, ArH), 3.83—3.85 (dd, ] = 4.0, 2.4 Hz, 1H), 3.12-3.15
(dd, J = 5.6, 4.0 Hz, 1H), 2.75—2.77 (dd, ] = 5.2, 2.4 Hz, 1H).

Preparation of (1R, 2R)-1,2-Cyclopentanediol 12, (1R,
2R)-1,2-Cyclohexanediol 13, and (3R, 4R)-N-Benzylox-
ycarbonyl-3,4-dihydroxypyrroli-dine 14 by Enantiose-
lective Hydrolysis of the Corresponding Meso-Epoxides
with Resting Cells of E. coli (SpEH). Freshly prepared E. coli
(SpEH) cells were diluted by Tris buffer (50 mM, pH 7.5) to a
5—200 mL system with required cell density (as indicated in
Table 4) in a 100—1000 mL flask. And appropriate amount of
epoxides (as indicated in Table 4) was added to the reaction
system in the flask. The reaction mixture was shaken (250 rpm)
in an incubator at 30 °C for the appropriate time. The reaction
was monitored by GC, and terminated by cooling down on ice
once the conversion of meso-epoxides reached 99%. The
reaction system was immediately saturated with NaCl and
extracted four times by ethyl acetate (4 X 5—200 mL), and then
all the organic phases were combined. After drying over
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Na,SO,, the solvents were removed by evaporation. The crude
product was then purified by flash chromatography on a silica
gel column with ethyl acetate (for 14, R; = 0.3) or
crystallization in ethyl acetate (dissolved at 60 °C and slowly
cooling down to 4 °C, for 13).

(1R, 2R)-12: Obtained as light yellow oil; yield: 70.4%; 88%
ee. '"H NMR (400 MHz, CDCl;, TMS): 6§ = 3.93—3.98 (m,
2H), 3.18 (s, 2H, OH), 1.94-2.04 (m, 2H), 1.67—1.74 (m,
2H), 1.47—1.56 (m, 2H).

(1R, 2R)-13: Obtained as a white crystal after crystallization;
yield: 88.6% before and 68.5% after crystallization; 99% ee after
crystallization. "H NMR (400 MHz, CDCl,, TMS): § = 3.32—
3.34 (m, 2H), 3.08 (br s, 2H, OH), 1.95—1.96 (m, 2H), 1.68—
1.69 (m, 2H), 1.24—1.30 (m, 4H).

(3R, 4R)-14: Obtained as light yellow syrup; yield: 94.1%;
93% ee. 'H NMR (400 MHz, CDCl,, TMS): § = 7.24—7.36 (m,
SH, ArH), 5.07 (s, 2H), 4.08—4.09 (m, 2H), 3.62—3.66 (m,
2H), 3.62—3.66 (m, 2H), 325 (s, 2H).

B ASSOCIATED CONTENT

© Supporting Information

Chemicals; strains and biochemicals; chemical synthesis of
epoxides 5, 7, 8, and 11; analytical methods; kinetic study;
amino acid sequence of SpEH; chiral HPLC chromatograms;
chiral GC chromatograms; and 'H NMR spectra of
biotransformation products. This material is available free of
charge via the Internet at http://pubs.acs.org.

B AUTHOR INFORMATION

Corresponding Author
*E-mail: chelz@nus.edu.sg. Phone: +65-6516 8416. Fax: +65-
6779 1936.

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

This work was financially supported by Singapore-MIT Alliance
through a CPE Flagship research Program and Science &
Engineering Research Council of A*STAR, Singapore, through
a research grant (project No. 1021010026).

B REFERENCES

(1) Archelas, A; Furstoss, R. Curr. Opin. Chem. Biol. 2001, S, 112—
119.

(2) Steinreiber, A.; Faber, K. Curr. Opin. Biotechnol. 2001, 12, S52—
5S8.

(3) Bala, N; Chimni, S. S. Tetrahedron: Asymmetry 2010, 21, 2879—
2898.

(4) Kotik, M.; Archelas, A.; Wohlgemuth, R. Curr. Org. Chem. 2012,
16, 451—482.

(5) Symoens, J.; Cree, D. E.; Vanbeer, W. F. M,; Janssen, P. A. J. In
Pharmacological and Biochemical Properties of Drug Substances;
Goldberg, M. E., Ed,; American Pharmaceutical Association:
Washington, DC, 1979; Vol. 2, p 407.

(6) Moertel, C. G.; Fleming, T. R.; Macdonald, J. S.; Haller, D. G;
Laurie, J. A;; Goodman, P. J; Ungerleider, J. S.; Emerson, W. A;;
Tormey, D. C,; Glick, J. H. N. Engl. ]. Med. 1990, 322, 352—358.

(7) Hodgson, D. M.; Man, S. Chem.—Eur. J. 2011, 17, 9731—-9737.

(8) Schnute, M. E.; Anderson D. J. (Pharmacia & Upjohn Co LLC,
U.S.A.) WO Patent 2005003140, 200S.

(9) Wittman, M.; Carboni, J.; Attar, R; Balasubramanian, B.;
Balimane, P.; Brassil, P.; Beaulieu, F.; Chang, C.; Clarke, W.; Dell, J.;
Eummer, J; Frennesson, D.; Gottardis, M.; Greer, A,; Hansel, S,;
Hurlburt, W.; Jacobson, B.; Krishnananthan, S.; Lee, F. Y.; Li, A.; Lin,

dx.doi.org/10.1021/cs300804v | ACS Catal. 2013, 3, 752—759


http://pubs.acs.org
mailto:chelz@nus.edu.sg

ACS Catalysis

Research Article

T.-A; Liu, P,; Ouellet, C.; Sang, X.; Saulnier, M. G.; Stoffan, K.; Sun,
Y.; Velaparthi, U; Wong, H.; Yang, Z.; Zimmermann, K,; Zoeckler,
M,; Vyas, D. . Med. Chem. 2005, 48, 5639—5643.

(10) Kharkar, P. S.; Batman, A. M.; Zhen, J.; Beardsley, P. M.; Reith,
M. E. A; Dutta, A. K. ChemMedChem 2009, 4, 1075—108S.

(11) Scott, I L.; Kuksa, V. A;; Orme, M. W,; Hong, F.; Little, T. L,
Kubota, R. (Acucela, Inc., U.S.A.), WO Patent 2009058216 Al, 2009.

(12) Waldmeier, P. C.; Delini-Stula, A.; Paioni, R. Drugs Future 1987,
12, 126.

(13) Serradell, M. N.; Castaner, J.; Neuman, M. Drugs Future 1984, 9,
497.

(14) Or, Y. S; Ma, J; Wang, G.; Long, J.; Wang, B. (Enanta
Pharmaceuticals, Inc., U.S.A.) . U.S. Patent 20120070416 Al, 2012.

(15) Cunningham, A. F,; Kuendig, E. P. J. Org. Chem. 1988, 53,
1823—1825.

(16) Laumen, K.; Breitgoff, D.; Seemayer, R.; Schneider, M. P. .
Chem. Soc., Chem. Commun. 1989, 148—150.

(17) Puig, T, Turrado, C; Benhamu, B.; Aguilar, H; Relat, J;
Ortega-Gutierrez, S.; Casals, G.; Marrero, P. F,; Urruticoechea, A,;
Haro, D.; Lopez-Rodriguez, M. L.; Colomer, R. Clin. Cancer Res. 2009,
15, 7608—7615.

(18) Lamoral-Theys, D.; Pottier, L.; Kerff, F.; Dufrasne, F.; Proutiére,
F.; Wauthoz, N.; Neven, P.; Ingrassia, L.; Antwerpen, P. V.; Lefranc, F.
Bioorg. Med. Chem. 2010, 18, 3823—3833.

(19) Kang, Y. K; Shin, K. J,; Yoo, K. H; Seo, K. J.; Park, S. Y.; Kim,
D. J; Park, S. W. Bioorg. Med. Chem. Lett. 1999, 9, 2385—2390.

(20) Huang, H,; Wong, C. H. J. Org. Chem. 1995, 60, 3100—3106.

(21) Davis, B. G,; Maughan, M. A. T.; Chapman, T. M,; Villard, R;
Courtney, S. Org. Lett. 2001, 4, 103—106.

(22) Reetz, M. T.; Bocola, M.; Wang, L.-W.; Sanchis, J.; Cronin, A.;
Arand, M; Zou, J; Archelas, A; Bottalla, A.-L; Naworyta, A;
Mowbray, S. L. J. Am. Chem. Soc. 2009, 131, 7334—7343.

(23) Jin, H;; Li, Z.-y.; Dong, X.-W. Org. Biomol. Chem. 2004, 2, 408—
414.

(24) Manoj, K. M; Archelas, A.; Baratti, J.; Furstoss, R. Tetrahedron
2001, 57, 695—701.

(25) Pedragosa-Moreau, S.; Morisseau, C.; Zylber, J.; Archelas, A.;
Baratti, J.; Furstoss, R. J. Org. Chem. 1996, 61, 7402—7407.

(26) Spelberg, J. H. L, Rink, R; Kellogg, R. M; Janssen, D. B.
Tetrahedron: Asymmetry 1998, 9, 459—466.

(27) Lee, E. Y.; Yoo, S.-S.; Kim, H. S.; Lee, S. J.; Oh, Y.-K,; Park, S.
Enzyme Microb. Technol. 2004, 35, 624—631.

(28) Liu, Z,; Michel, J.; Wang, Z.; Witholt, B; Li, Z. Tetrahedron:
Asymmetry 2006, 17, 47—52.

(29) Jia, X.; Wang, Z.; Li, Z. Tetrahedron: Asymmetry 2008, 19, 407—
41S.

(30) Chang, D.; Heringa, M. F.,; Witholt, B.; Li, Z. J. Org. Chem.
2003, 68, 8599—8606.

(31) Weijers, C. A. G. M. Tetrahedron: Asymmetry 1997, 8, 639—647.

(32) van Loo, B; Kingma, J.; Heyman, G.; Wittenaar, A,; Lutje
Spelberg, J. H,; Sonke, T.; Janssen, D. B. Enzyme Microb. Technol.
2009, 44, 145—153.

(33) Zhao, L.; Han, B.; Huang, Z.; Miller, M.; Huang, H.; Malashock,
D.S.; Zhu, Z.; Milan, A.; Robertson, D. E.; Weiner, D. P.; Burk, M. J. J.
Am. Chem. Soc. 2004, 126, 11156—11157.

(34) Chang, D.; Wang, Z.; Heringa, M. F.; Wirthner, R.; Witholt, B.;
Li, Z. Chem. Commun. 2003, 960—961.

(35) Cleij, M.; Archelas, A.; Furstoss, R. Tetrahedron: Asymmetry
1998, 9, 1839—1842.

(36) Monfort, N.; Archelas, A.; Furstoss, R. Tetrahedron 2004, 60,
601—605.

(37) Doumeche, B.; Archelas, A.; Furstoss, R. Adv. Synth. Catal. 2006,
348, 1948—1957.

(38) Deregnaucourt, J; Archelas, A.; Barbirato, F.; Paris, J.-M,;
Furstoss, R. Adv. Synth. Catal. 2007, 349, 1405—1417.

(39) Yoo, S. S.; Park, S.; Lee, E. Y. Biotechnol. Lett. 2008, 30, 1807—
1810.

(40) Yildirim, D.; Tikel, S. S.; Alagéz, D.; Alptekin, O. Enzyme
Microb. Technol. 2011, 49, 555—559.

759

(41) Zhao, J.; Chy, Y.-Y; Li, A.-T.; Ju, X.; Kong, X.-D.; Pan, J.; Tang,
Y,; Xu, J.-H. Adv. Synth. Catal. 2011, 353, 1510—1518.

(42) Xu, G-C; Yu, H.-L; Zhang, X.-Y,; Xu, J.-H. ACS Catal. 2012,
2566—2571.

(43) Rink, R.; Fennema, M.; Smids, M.; Dehmel, U.; Janssen, D. B. J.
Biol. Chem. 1997, 272, 14650—14657.

(44) Zou, J.; Hallberg, B. M.; Bergfors, T.; Oesch, F.; Arand, M,;
Mowbray, S. L.; Jones, T. A. Structure 2000, 8, 111—122.

(45) Baldascini, H.; Ganzeveld, K. J.; Janssen, D. B.; Beenackers, A. A.
C. M. Biotechnol. Bioeng. 2001, 73, 44—54.

(46) Kotik, M.; Stépanek, V.; Grulich, M.; Kyslik, P.; Archelas, A. J.
Mol. Catal. B: Enzym. 2010, 65, 41—48.

(47) Reetz, M. T.; Wang, L.-W.; Bocola, M. Angew. Chem., Int. Ed.
2006, 118, 1258—1263.

(48) Spelberg, J. H. L; Rink, R; Kellogg, R. M; Janssen, D. B.
Tetrahedron: Asymmetry 1998, 9, 459—466.

(49) Kim, H. S; Lee, O. K;; Lee, S.J; Hwang, S.; Kim, S. J.; Yang, S.-
H.; Park, S.; Lee, E. Y. J. Mol. Catal. B: Enzym. 2006, 41, 130—135.

(50) Kotik, M.; Kyslik, P. Biochim. Biophys. Acta, Gen. Subj. 2006,
1760, 245—252.

(51) Kuhn, D.; Kholig, M. A; Heinzle, E; Biihler, B.; Schmid, A.
Green Chem. 2010, 12, 815—827.

(52) Schaus, S. E; Brandes, B. D.; Larrow, J. F.; Tokunaga, M,;
Hansen, K. B.;; Gould, A. E,; Furrow, M. E.; Jacobsen, E. N. J. Am.
Chem. Soc. 2002, 124, 1307—1315.

dx.doi.org/10.1021/cs300804v | ACS Catal. 2013, 3, 752—-759



