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Abstract Amicroorganism with the ability to catalyze the
resolution of racemic phenyloxirane was isolated and
identified as Aspergillus niger SQ-6. Chiral capillary
electrophoresis was successfully applied to separate both
phenyloxirane and phenylethanediol. The epoxide
hydrolase (EH) involved in this resolution process was
(R)-stereospecific and constitutively expressed. When
whole cells were used during the biotransformation pro-
cess, the optimum temperature and pH for stereospecific
vicinal diol production were 35�C and 7.0, respectively.
After a 24-h conversion, the enantiomer excess of (R)-
phenylethanediol produced was found to be>99%, with
a conversion rate of 56%. In fed-batch fermentations at
30�C for 44 h, glycerol (20 g L�1) and corn steep liquor
(CSL) (30 g L�1) were chosen as the best initial carbon
and nitrogen sources, and EH production was markedly
improved by pulsed feeding of sucrose (2 g L�1 h�1) and
continuous feeding of CSL (1 g L�1 h�1) at a fermenta-
tion time of 28 h. After optimization, the maximum dry
cell weight achieved was 24.5±0.8 g L�1; maximum EH
production was 351.2±13.1 U L�1 with a specific activ-
ity of 14.3±0.5 U g�1. Partially purified EH exhibited a
temperature optimum at 37�C and pH optimum at 7.5 in
0.1 M phosphate buffer. This study presents the first
evidence for the existence of a predicted epoxide race-
mase, which might be important in the synthesis of
epoxide intermediates.
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Introduction

In the fine chemistry and pharmaceutical industries, e-
nantiopure epoxides and the corresponding vicinal diols
are important building blocks in the synthesis of bio-
logically active asymmetric molecules. Chemical hydro-
lysis of epoxide yields racemic vicinal diol, which
requires kinetic resolution to optically pure diol [6]. This
procedure makes the process cumbersome. In contrast,
enzymatic resolution of epoxide becomes increasingly
attractive [2, 6, 36]. Epoxide hydrolases (EHs, EC
3.3.2.3), which are used to catalyze the hydrolysis of
epoxides to the corresponding vicinal trans-diols [4, 5,
19, 25, 33], are ubiquitous in nature and occur in many
organisms, including mammals [35], insects [21], plants
[12] and microorganisms [3, 18, 26, 32, 38]. Recent
studies on EH production from Aspergillus niger are
exciting due to its highly enantioselective nature [1, 3, 22,
29].

Filamentous fungi offer many benefits over other
types of cells when used for the production of biologi-
cally active molecules and eukaryotic proteins [14].
Unfortunately, submerged cultivation of filamentous
fungi is often characterized by high broth viscosity,
which can result in a number of problems (e.g., insuffi-
cient oxygen mass transfer, high power requirement,
formation of nutrient concentration zones) that have the
potential to reduce productivity [31]. Bhargava et al. [7,
8] recently proposed a possible solution: ‘‘pulsed’’
addition of the limiting carbon source in an Aspergillus
oryzae fed-batch fermentation led to significantly
reduced broth viscosity and improved oxygen mass
transfer efficiency without detrimentally affecting cellu-
lar metabolic activity or total secreted protein. The effect
of total cycle time for substrate pulsing was also studied
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in detail, revealing that high values of cycle time (more
than 15 min) showed significantly reduced recombinant
enzyme production [10].

The present paper reports the isolation of a novel
microorganism, Aspergillus niger SQ-6, which shows the
ability to stereospecifically convert epoxides to the cor-
responding vicinal diols. Improvement of (S)-pheny-
loxirane resolution by whole cells was achieved by
optimizing the conditions of fed-batch fermentation for
cell growth and bioconversion. Some properties of the
partially purified EH are also reported.

Materials and methods

Chemicals

Racemic and (R)-, (S)-phenyloxirane were purchased
from Fluka (Buchs, Switzerland). Racemic and (R)-, (S)-
phenylethanediol were purchased from Acros (Geel,
Belgium). Triethanolamine was purchased from Merck
(Darmstadt, Germany). All other chemicals used in
these experiments were of analytical grade.

Microorganisms and cultivation media

Aspergillus niger SQ-6 isolated from soil was used in all
experiments. Medium I (used for screening experiments)
contained (per liter): 2.0 g NH4NO3, 0.2 g MgSO4Æ
7H2O, 1.5 g Na2HPO4Æ12H2O, 10 mg CaCl2, 1.5 g
KH2PO4Æ3H2O, 1.0 mg FeSO4Æ7H2O, 0.1 mg ZnSO4Æ
7H2O, 0.1 g yeast extract, 0.1 g corn steep liquid
(CSL), and was adjusted to pH 7.0; 20 mL racemic
phenyloxirane passed through a 0.22 lm filter mem-
brane was added to medium I after autoclaving. Salt
solution contained (per liter): 140.0 g KH2PO4, 90.0 g
K2HPO4Æ3H2O, 10.0 g KCl, 10.0 g MgSO4Æ7H2O;
pH 4.0. Trace elements solution contained (per liter):
11.0 g H3BO3, 5.0 g MnCl2Æ4H2O, 5.0 g FeSO4Æ7H2O,
1.6 g CoCl2Æ6H2O, 1.1 g (NH4)Mo7O24Æ4H2O, 5.0 g
EDTA; pH 4.0. Medium II (used for small-scale pro-
duction of mycelia) contained (per liter): 20.0 g sucrose,
20.0 g CSL, 10 mL salt solution; pH 4.0. Medium III
(used for submerged fermentation) contained (per liter):
20.0 g glycerol, 30.0 g CSL, 10.0 mL salt solution,
1.0 mL trace elements solution; pH 4.0.

Screening methods

Liquid samples from soil were inoculated into 30 mL
medium I in 250-mL flasks and cultivated at 30�C for
72 h. One milliliter culture was diluted 100 times with
distilled water and spread on agar Petri dishes of Cza-
pek’s medium. Supernatants of fermentation were
investigated for the presence of phenylethanediol by
thin-layer chromatography (TLC). Microorganisms
that can hydrolyze phenyloxirane were confirmed using

biocatalytic assays of whole cells and grown in Luria–
Bertani (LB) medium, then re-isolated on agar medium
until a pure colony was obtained.

Analytical methods

Mycelia were harvested by vacuum filtration (Whatman
filter paper no. 4; Whatman, Maidstone, UK) and wa-
shed three times with distilled water and three times with
0.1 M phosphate potassium (PK) buffer, pH 8.0. Bio-
mass (dry cell weight, DCW) was estimated after drying
the mycelia at 105�C to constant weight. The residual
sugar concentration was measured with the first-time
filtrate as described previously [17].

TLC was used for qualitative determination of
phenylethanediol. Samples were extracted with ether
and the water phase was concentrated by vacuum dis-
tillation and developed on the silica gel plate with a
developing solvent system of benzene:benzinum:acetic
acid (50:35:15, v/v).

For quantitative determination of the phenylethane-
diol formed and the phenyloxirane remaining in the
bioconversion broth, the filtrate was diluted with three
volumes of methanol and analyses were performed on a
HPLC apparatus (HP1050, Agilent, Wilminton, DE)
with UV–Vis spectrophotometric detection using a C18
column (Diamosil C18, Dikman Technologies, China).
Analysis conditions: column, spherisorb, 5 lm, /
4.6·250 mm; mobile phase, methanol/water (3/1 v/v);
flow speed, 1.0 mL min�1; detected wavelength, 280 nm.

Assay of whole-cell biotransformations

Aspergillus niger SQ-6 was cultivated in medium II at
30�C for 36 h. Filtered mycelia were washed twice with
0.1 M PK buffer (pH 7.0) and re-suspended in 1.0 mL
of the same buffer containing 4 mM phenyloxirane.
Reactions were carried out at 37�C for 20 min and the
supernatants were analyzed by HPLC. The phenyle-
thanediol production activities of whole cells were ex-
pressed in units per milligram of DCW (U mg�1). One
unit was defined as the number of micromoles of
phenylethanediol formed per hour.

Product isolation and identification

Enantiomeric excess was determined by chiral capillary
electrophoresis (CE) [37]. CE was carried out with a P/
ACE MDQ CE instrument (Beckman Coulter, Fuller-
ton, CA) equipped with an on-line UV detector and a
fused silica capillary tube (length 37 cm, effective length
30 cm, I.D. 75 lm); The capillary tube was successively
flushed with 0.1 M NaOH for 2 min, double deion-
ized water for 2 min, followed by running buffer
(10 mM phosphoric acid containing 30 g L�1 sulfated
b-cyclodextrin as chiral selective agent, adjusted with

275



triethanolamine to pH 2.5 for phenylethanediol or
pH 4.0 for phenyloxirane) for 2 min. Samples were
dissolved in methanol to 0.1 mg mL�1 and introduced
hydrodynamically into the anode end with 0.1 psi for
1 s, then separated. The tube temperature was set at
25�C, and the working voltage was 12 kV for phenyle-
thanediol or 20 kV for phenyloxirane. Detection was by
UV detector at 214 nm.

Culture conditions in shake flasks

After inoculating with A. niger SQ-6, PDA slants were
incubated at 30�C for 5 days, spores were transferred to
a 500 mL Erlenmeyer flask containing 100 mL mediu-
m II at 5·108 spores mL�1. The flask was incubated on
a rotary shaker (250 rpm) at 30�C for 48 h. Samples
were taken at the end of fermentation to determine
biomass and EH activity.

Optimization of culture conditions
in fed-batch fermentation

Shake flask culture was carried out in a 1,000-mL flask
containing 200 mL medium II and incubated with
shaking (250 rpm) at 30�C for 36 h. After transfer of the
above 150 mL culture, a 5.0 L jar fermenter (Bioflow
3000, New Brunswick Scientific, Edison, N.J.) was used
with 3.0 L medium III. Antifoam was added to a final
concentration of 0.05%. The aeration rate, agitation
speed and temperature were held at 0.5 vvm, 500 rpm
and 30�C, respectively. When necessary, pH was con-
trolled at 4.0 by using 0.5 M NaOH and 0.5 M H2SO4.
The level of dissolved oxygen (DO) in the fermentation
broth was measured by a polarographic DO sensor
(New Brunswick Scientific). The readings were expressed
as a percentage of the initial level of saturation.

Enzyme preparation and purification

The purification procedure was based on the method of
Morisseau et al. [28].During purification, the temperature
was maintained at 4�Cwith all chromatographic columns
and the FPLC system (Amersham Pharmacia Biotech,
Uppsala,Sweden).ForpreparationofEH,filteredmycelia
were suspended in20 mMTris–HClbuffer, pH 8.0, 2 mM
b-mercaptoethanol (buffer A) and disrupted using a
French Press. After centrifugation (14,000 g, 20 min), the
crude enzyme extract was loaded on a HiPrep-16/10-
DEAEcolumnequilibratedwithbufferAandelutedwitha
linear gradient of NaCl (0–1.0 M). Active fractions were
pooled, (NH4)2SO4 added to a final concentration of
0.25 M, and the sample was loaded onto a HiPrep-16/10-
Phenyl-hs column equilibrated with buffer A containing
0.25 M (NH4)2SO4. Elution was performed with a linear
gradient of ethylene glycol (0–56%).Active fractionswere
pooled and stored at�20�C.

During purification, enzyme activities were rapidly
assayed by the method of Bhatnagar et al. [11]. One EH
unit was defined as the amount of enzyme catalyzing the
formation of 1 lmol diol per minute under assay con-
ditions.

Results

Isolation and identification of microorganisms
producing EH

Twenty-six strains able to produce diol were isolated
from soil by the enrichment culture technique. Of these
26 strains, 8 showed stereoselectivity and were isolated.
Strain SQ-6, which had the highest stereoselectivity (ee
value 92%) and relatively higher conversion (35%)
among these isolates, was selected for further study and
identified as A. niger. The optimum temperature and pH
for growth of A. niger SQ-6 were confirmed as 30�C and
pH 4.0, respectively (data not shown).

Isolation and identification of reaction products

To investigate the stereoselectivity of our EH, the fol-
lowing procedure was used: 100-mg lyophilized mycelia
were re-suspended in 1.0 mL 0.1 M PK buffer (pH 7.0)
containing 4 mM phenyloxirane as substrate. After
incubating the reaction mixture at 37�C for 24 h, the
absolute configuration of phenylethanediol produced
and the unconsumed phenyloxirane unconsumed were
shown to be (R)-phenylethanediol and (S)-phenyloxira-
ne when investigated by chiral CE. Figure 1 shows a
chiral chromatography of the racemic phenylethanediol
and phenyloxirane standard, the (R)-phenylethanediol
produced and the unconsumed (S)-phenyloxirane in the
reaction. The produced phenylethanediol or uncon-
sumed phenyloxirane had the same retention time (28.5
or 10.8 min) as the standard (R)-phenylethanediol or
(S)-phenyloxirane, respectively, indicating the absolute
configuration of the consumed substrate and product as
both (R)-enantiomer without configuration diversion.
After transformation, the ee value of (R)-phenyle-
thanediol was found to be >99%, and the conversion
rate 56%. From these results, the EH expressed in A.
niger SQ-6 was shown to be (R)-stereospecific.

Effects of temperature and pH on whole-cell
biotransformation

To evaluate the effects of different temperatures on
whole-cell biotransformation, the temperature range
was varied from 20 to 50�C. With a rise in temperature,
EH activity increased; optimum activity was recorded at
35�C (Fig. 2a). With a further increase in temperature,
activity decreased. To determine the effects of pH on
whole-cell biotransformation, the pH of suitable buffers
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was varied from 5 to 9.5. The mycelia showed EH
activity in different buffers, with the optimum activity
being recorded at pH 7.0 (Fig. 2b).

Effects of different carbon and nitrogen sources

Different carbon and nitrogen sources at a final con-
centration of 10.0 g L�1 for organic nutrients and

5.0 g L�1 for inorganic nutrients were added to medium
containing 10 mM salt solution, and their effects on cell
growth and enzyme synthesis were investigated. Addi-
tion of inorganic nutrients had a negative effect on both
cell growth and enzyme synthesis, moreover lowering
the ratio of phenyloxirane to phenylethanediol. In the
case of organic nutrients, sucrose showed the highest ee
value (99%) of all carbon sources tested. However, the
poor conversion rate and, especially, the low biomass
achieved on sucrose made us choose glycerol as the
preferred carbon source (Table 1). As a structural en-
zyme, EH productivity should be enhanced together
with increased biomass. According to this principle,
CSL was selected as the best nitrogen source despite the
high conversion rate achieved using tryptone (Table 2).

The effects of initial glycerol and CSL concentrations
on cell growth and EH production were investigated in
flask cultures. Different concentrations of glycerol (5, 10,
15, 20, 30, 40 g L�1) were tested with a fixed CSL con-
centration of 5 g L�1. Likewise, a fixed concentration of
glycerol was tested with variable CSL concentrations
(10, 15, 20, 30, 40 g L�1). When CSL concentration was
invariable, the biomass increased remarkably at low
glycerol levels (0–15%) but only slightly at high glycerol
levels (40–50%) (Fig. 3a); when glycerol concentration
was invariable, biomass increased according to the in-
creased concentrations of CSL (Fig. 3a), indicating that
CSL concentration has a crucial effect on fungal bio-
mass. Moreover, glycerol concentration acted as the key
factor in EH production (Fig. 3b). Finally, 20 g L�1

glycerol and 30 g L�1 CSL were used for optimal EH
production.

Fed-batch fermentation

EH production and biomass were assessed in fungi
cultivated in flasks with medium II with 11 different
types of nutrient supplementation at 0 and 24 h. The
results of biomass, EH activity and relative activity per
DCW at 44 h are shown in Fig. 4. CSL supplementation
at 24 h increases only biomass (10.5 g L�1), while sup-
plementation with carbon sources such as glucose,
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Fig. 2 Effects of temperature
(a) and pH (b) on production of
phenylethanediol with whole
cells of A. niger SQ-6. Mycelia
were incubated under standard
conditions at the temperatures
and pH values indicated:
pH 5.0–7.0, 0.1 M phosphate
buffer, pH 7.0–9.5, 0.1 M Tris–
HCl buffer. Error bars Standard
deviation from three
independent samples

Fig. 1 Chiral capillary electrophoresis (CE) of racemic phenyle-
thanediol (a), (R)-phenylethanediol standard (b), phenylethanediol
produced by Aspergillus niger SQ-6 (c), racemic phenyloxirane (d),
(S)-phenyloxirane (e), and remaining phenyloxirane in the A. niger
SQ-6 reaction mixture (f)
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sucrose, fructose and glycerol (No. 8–11) at 24 h can
improve both biomass and EH productivity. In partic-
ular, sucrose supplementation (No. 9) at 24 h markedly
improved EH production (111.7 U L�1) and specific
activity (11.9 U g�1). Other nutritional supplements
showed little effect on either biomass or EH production.
EH production may be suppressed due to the negative
effects of the presence of analogous EH catalysis prod-
ucts, i.e., phenylethanediol and phenylethanol. In other
words, sucrose supplementation can avoid the inhibitory
effects of EH biosynthesis, enhancing enzyme yield by
nearly 150% under the above conditions. Considering
the growth curve of fungal fermentation, 28-h was
chosen as the feeding point in fed-batch fermentation
(data not shown).

Pulsed feeding of limited carbon sources during fer-
mentation was applied to EH fermentation to reduce the
broth viscosity and improve EH productivity. In our
case, sucrose (2 g L�1 h�1) was added with a feed-pump
on for 3 min during each repeated 10-min cycle.

According to the consumption of nitrogen source
and maintenance of a DO concentration of 30%
during the phase of cell growth and metabolism, a low
level of CSL should be fed continuously at the same
time as sugar feeding and controlled for a DO of not
more than 30% saturation. Figure 5 shows the results
of optimized fed-batch cultivations with pulsed feeding
of sucrose (2 g L�1 h�1) and continuous feeding of
CSL (1 g L�1 h�1). It was concluded that both cell
biomass (24.5±0.8 g L�1) and EH production
(351.2±13.1 U L�1) were higher but the specific

activity (14.3±0.5 U g�1) varied little from that
achieved above. The specific growth rate changed from
logarithmic growth phase (0.84 h�1) to enzyme pro-
duction phase (0.47 h�1), then to negative growth
phase (�0.23 h�1). In short, CSL supplementation at a
limited level can improve EH productivity by
increasing fungal biomass.

Partial physical properties of EH

EH was partially purified by ion exchange chromatog-
raphy and hydrophobic interaction chromatography
and its activity as a function of temperature from 0 to
65�C was measured; activity was highest at 37�C
(Fig. 6a). Upon incubation for different times (10–
60 min) at varying temperatures (30, 37, and 45�C), the
enzyme was found to remain 80% activity for over
50 min at 30�C, for 30 min at 37�C and for 20 min at
45�C (Fig. 6b). The enzyme maintained maximum EH
activity at pH 7.5 in 0.1 M phosphate buffer (Fig. 7).

Table 2 Effect of nitrogen source on cell growth and enzyme
activity when using glucose (20.0 g l�1) as carbon source

Nitrogen source Dry cell
weight (g L�1)

Conversion (%) ee value

Yeast extract 0.56 22 5
Fish peptone 3.34 26 11
Soya peptone 1.60 24 16
CSL 3.54 33 64
Beef extract 1.77 10 18
Tryptone 3.50 35 25
NaNO3 0.52 9 14
(NH4)2SO4 0.79 14 0
NH4NO3 0.91 17 19

Table 1 Effect of carbon source on cell growth and enzyme activity
when using corn steep liquid (CSL; 20.0 g l�1) as nitrogen source

Carbon source Dry cell
weight (g L�1)

Conversion (%) ee value

Glucose 3.54 34 25
Sucrose 3.26 46 99
Lactose 0.86 10 3
Soluble starch 3.50 41 7
Glycerol 4.79 56 92
Dextrin 0.91 6 4
Fructose 4.14 48 56
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Discussion

Enzymatic hydrolysis of racemic epoxide is catalyzed by
the enzyme epoxide hydrolase (EH). The cells of many
organisms harbor EH activity; however, regarding e-
nantioselectivity and conversion rate, only a few
organisms can be exploited for the resolution of racemic
epoxide. Some fungal cells (e.g., from Aspergillus and
Beauveria sp.) show good EH activity towards styrene
oxide-type substrates [32]. A novel aspergillus strain able
to produce highly enantioselective (R)-phenylethanediol
and to resolve (S)-phenyloxirane from racemic pheny-
loxirane has now been isolated and identified as A. niger

SQ-6. Improvement of asymmetric hydrolysis by whole
cells was achieved through optimization of the growth
medium composition and fermentation mode.

EH enzymes obtained from A. niger strains can cat-
alyze hydrolysis of epichlorohydrin, cyclohexene oxide,
styrene oxide, nitrostyrene oxides, pyridyloxiranes, and
related compounds [13, 15, 16, 20, 23, 30], and have been
applied in various syntheses of key, enantiopure, build-
ing blocks [27, 34]. Partial purification of EH from A.
niger SQ-6 suggests that this enzyme shows some simi-
larities with the EH identified in A. niger LCP521 [28],
including substrate specificity, optimum pH and regi-
oselectivity. However, the carbon source glucose, which
was suited for strain LCP521, shows only a weak effect
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on the enantioselectivity of strain SQ-6, and the opti-
mum growth temperatures for strains LCP521 and SQ-6
are different. Also, strain SQ-6 has a higher conversion
rate than LCP521. Another newly reported A. niger
strain, M200, shows EH activity towards tert-butyl
glycidyl ether-type substrates [24].

In this work, a process of fed-batch fermentation of
A. niger for production of highly enantioselective EH
was demonstrated for the first time. Mycelial morphol-
ogy, as well as the utilization rate of different nitrogen
and carbon sources, and the subsequent changes in the
metabolism of the fungus may be important in
explaining the effects of the latter on cell growth and EH
production. However, EH activity was observed
regardless of the presence of an epoxide derivative dur-
ing cultivation.

Pulsed addition of a limiting carbon source to reduce
broth viscosity during heterologous protein expression
has been studied thoroughly in fed-batch fermentation
in bacteria, yeast, and in one filamentous fungus (A.
oryzae [7–10]). In this paper, this technique was suc-
cessfully applied in an A. niger fed-batch fermentation
with excellent results. A cycle time of 10 min was used in
A. niger fermentation to ensure fungal morphology of
small mycelium rather than a pellet. Further optimiza-
tion of the shear stress and DO tension in the fermen-
tation process might enhance EH productivity.

Common sense tells us that the conversion rate of
enzymatic resolution should not be more than 50%
(47% for EH from A. niger LCP521) [28]. However, in
our study, a conversion rate of 56% was apparent
during 24-h whole cell catalysis after excluding self
hydrolysis. Furthermore, as the EH in this study e-
nantioselectively transforms the R configuration, no
conversion should occur when using (S)-phenyloxirane
as substrate during 24-h whole cell catalysis. Surpris-
ingly, however, (R)-phenyloxirane was obtained
(Fig. 8)! This implies that an unknown epoxide race-
mase with the ability to racemize epoxide enantiomers
might occur in A. niger SQ-6. As this predicted epoxide
racemase, or vicinal diol isomerase, might decrease the
enantiopurity of substrates or products, and the stere-
oselectivity of EH cannot be changed by alteration of
the culture conditions, the ee value catalyzed by the
whole cells was an important reason for wanting to
inhibition production of the predicted epoxide race-
mase or vicinal diol isomerase. That was why we chose
CSL instead of tryptone as the nitrogen source. How-
ever, we failed to purify epoxide racemase, possibly due
to the time-consuming enzyme assay method as well as
low enzyme activity. Further study on the potential
epoxide racemase should focus on a simple enzyme
assay method and on adapting fungal fermentation for
high expression of epoxide racemase. An A. niger SQ-6
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after holding the enzyme at the temperatures and times indicated in
0.2 mL 50 mM phosphate buffer, pH 7.5. The relative residual
activity is expressed as the percentage of the maximum residual
activity attained under the experimental conditions. Error bars
Standard deviation from three independent samples
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Fig. 7 Effect of pH on the activity of partially purified EH from A.
niger SQ-6. Enzyme activity was assayed under the enzyme assay
conditions except that the following 0.1 M buffers were used: citric
acid/sodium citrate buffer pH 3.5–5.5, sodium phosphate pH 6.0–
7.5, Tris–Cl pH 8.0–8.5 and glycine/NaOH pH 9.0–9.5. Error bars
Standard deviation from three independent samples
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cDNA expression library and a high throughput
screening method for the unknown epoxide racemase
that might yield satisfactory results in the future have
been set up in our laboratory.
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