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Efficient immobilization of epoxide hydrolase onto silica gel and use in
the enantioselective hydrolysis of racemicpara-nitrostyrene oxide
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Abstract

Epoxide hydrolase fromAspergillus niger(E.C. 3.3.2.3) was immobilized by covalent linking to epoxide-activated silica gel under mild
conditions. A very easy procedure allowed to prepare an immobilized biocatalyst with more than 90% retention of the initial enzymatic
activity. Immobilized and free enzyme showed very similar behaviour with respect to the effect of pH on activity and stability. One benefit
of immobilizing epoxide hydrolase fromA. niger on silica gel was the enhanced enzyme stability in the presence of 20% DMSO. The
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inetic resolution of racemicpara-nitrostyrene oxide was investigated by using this new immobilized biocatalyst. The enantioselec
he enzyme was not altered by the immobilization reaction: both unreacted epoxide and formed diol were obtained with very high
2%, respectively). In addition, the biocatalyst could be easily separated from the reaction mixture and re-used for over nine cyc
ny noticeable loss of enzymatic activity or change in the enantioselectivity extent. The activity of immobilized AnEH was retained f
onths.
2004 Elsevier B.V. All rights reserved.
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. Introduction

Enantiomerically pure epoxides and their corresponding
icinal diols are intermediates of high value for the synthesis
f bioactive molecules of great interest in different fields as

he pharmaceutical or agrochemical industry[1,2]. This ex-
lains why organic chemists have devoted many efforts over

he past few decades to develop innovative methodologies
or preparing such chirons as a single enantiomer. The pro-
osed procedures use either an organometallic-based catalyst

3] or a biological catalyst[4,5], each having advantages and
rawbacks. A very promising strategy is the hydrolytic ki-
etic resolution of epoxides using epoxide hydrolases[6,7]
EHs; E.C. 3.3.2.3). These enzymes are able to achieve, with-
ut the use of any cofactors, the enantioselective opening of

he oxirane ring of various epoxides to form the correspond-
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ing diols, thus leading in one row to the unreacted epo
and the formed vicinal diol both in enantiomerically enric
form. EHs are ubiquitous in nature being found not only in
mammalian world but also in bacteria, yeast, fungi, plants
insects[6,7]. Recently, EH fromAspergillus niger(AnEH)
has been studied in some detail[8]. This fungal EH, which
is now commercially available[9], showed high activity an
good enantioselectivity as catalyst in the hydrolysis of v
ous racemic epoxides[10,11]. However, it was found[12] that
this enzyme was not very stable under the conditions use
enzymatic reactors. In order to become a versatile and
venient tool on a preparative scale, operational stability
recycling are key prerequisites, which can be achieved
the immobilization of the enzyme. As far as the EHs are
cerned, few examples are reported and only two approa
are dealing with AnEH[13,14]. Very recently[14], a pape
appeared describing an interesting approach for the imm
lization/stabilization of AnEH: a modified commercial epo
support was used providing a stable and re-usable bioca
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In the last few years, we became interested in covalent
immobilization of enzymes on activated silica gel as an use-
ful support in enantioselective synthesis applications[15,16].
The use of such modified enzymes is very advantageous
since, beside a generally improved operational stability, they
can be easily recovered at the end of the reaction and con-
tinuously recycled. The enzymes lipase fromPseudomonas
cepacia[15] and chloroperoxidase fromCaldariomyces fu-
mago[16] were covalently bound onto epoxide-derivatized
silica gel. These preparations showed enhanced stability with
respect to the free enzymes and enzymatic activities were
retained after several months from their first use. In addi-
tion, immobilized enzyme reactors based on these covalently
bound enzymes were developed and used in the enantioselec-
tive preparation of both the enantiomers of 2-substituted 1,3-
propane diol monoacetates[15] and epoxidation of styrene,
respectively[17]. Therefore, in order to broaden the scope
of this approach, we were interested in the covalent immo-
bilization of the enzyme AnEH. This work describes the
preparation and enzymatic properties of silica gel-supported
AnEH and its application in the enantioselective hydrolysis of
racemicpara-nitrostyrene oxide in repeated-batch reactions.

2. Materials and methods
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nium sulphate 2 M and 1 mL of AnEH solution (4 mg/mL)
were added to 0.1 mg of functionalized silica gel. The amount
of activity and the concentration of the enzyme in the super-
natant were followed as a function of time to determine the
amount of immobilized AnEH. A blank was run in parallel
with enzyme alone (without support) to account for enzyme
inactivation during prolonged incubations. After 4 h, the solid
with the immobilized enzyme was recovered through cen-
trifugation and washed with the same buffer (0.1 M, pH
7), until no enzyme activity was found in the washings.
The amount of enzyme bound to the support was 26.40 mg
AnEH/g of silica gel. The experiment was carried out in du-
plicate. The SiO2–AnEH preparations were stored at 4◦C
until use.

2.3.2. Enzyme activity assay
Epoxide hydrolase activity was assayed by measuring the

rate of hydrolysis of racemicp-NSO. Typically, 50�L of a
solution containing 1 mg/mL of AnEH or SiO2–AnEH sus-
pension was added to 350�L of phosphate buffer (0.1 M,
pH 7) and the mixture was preincubated at 35◦C for 2 min.
Then 100�L of a 20 mM solution of substrate in DMSO was
added to obtain a final concentration of 4 mM in a total vol-
ume of 0.5 mL. After 10 min incubation, stirring was stopped
and the quantity of formed diol was determined by HPLC as
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.1. Materials

AnEH was obtained as a solid from Fluka and sho
n activity of about 1.125 U/mg againstpara-nitrostyrene
xide (p-NSO), as measured by a reported assay[11].
acemicpara-nitrostyrene oxide was synthesized in our l
ratory from 2-bromo-4′-nitroacetophenone by a previou
escribed method[18]. All the products and solvents us

n the present paper were obtained from commercial so
nd were of analytical grade or superior. Silica gel (5 m
pecific surface 340 m2/g) was from Alltech.

.2. Equipment

Chromatographic experiments were performed with
PLC systems. One system consisted of a Jasco PU
ump with a Rheodyne sample valve (20�L loop), equipped
ith a Jasco MD-910 diode array multiwavelength dete
he second equipment was a Jasco PU-880 with a Rhe
ample valve (20�L loop) equipped with a Jasco UV-8
V–vis detector and a Jasco CD-1595 Circular Dichro
etector.

.3. Methods

.3.1. Covalent immobilization of AnEH onto
poxide-activated silica gel

Epoxide derivatized silica gel was prepared accordin
he methods previously reported[16,19]. Four milliliters of
.1 M phosphate buffer solution, pH 7, containing am
escribed in 2.3.6. One epoxide hydrolase unit (U) wa
mount of enzyme that catalyzed the formation of 1�mol of
iol/min under the above conditions.

.3.3. Stability of immobilized AnEH
One milliliter of 0.1 M phosphate buffer solution conta

ng 1mg/mL of free AnEH or SiO2–AnEH was incubate
t two different pH values (7 and 8) and 25◦C on a rota

ional shaker (200 rpm). After different times of incubati
amples were withdrawn and residual activity was ass
nder standard conditions for 2 weeks. Each experimen
arried out in triplicate. The effect of the co-solvent DM
as tested by incubating free or bound enzyme in phos
uffer (0.1 M, pH 7) containing 20% of DMSO at 25◦C as
escribed above. After different times of incubation, s
les were withdrawn and residual activity was assayed u
tandard conditions for 2 weeks.

.3.4. Enantioselective hydrolysis of para-nitrostyrene
xide

A stirred batch reactor (total volume 5 mL) was run
5◦C, with a substrate concentration of 4.5 mM with DM
0.2 V ratio) as co-solvent in a 0.1 M phosphate buffer p
he reaction was started by the addition of 250�L of AnEH
olution or SiO2–AnEH suspension (34 U/L). Samples w
ithdrawn every 30 min for quantification of substrate
roduct concentrations and ee.

.3.5. Repeated-batch reactions
The enantioselective hydrolysis ofp-NSO was carrie

ut by employing the procedure described above
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SiO2–AnEH preparation. After 2.5 h of reaction, stirring was
stopped and the suspension filtered. The recovered enzyme
was washed with phosphate buffer (0.1 M, pH 7) and new
substrate solution was added for the next cycle. The filtrate
was analyzed by HPLC.

2.3.6. Analytical methods
For the enzyme assay, the quantity of diol formed was de-

termined by HPLC. Forty microliters of the reaction mixture
were diluted with 200�L of methanol containing 0.45 mM
of para-nitrobenzyl alcohol as an internal standard. After
vigorous stirring, the solution was filtered and the concentra-
tion of diol was determined by using a reverse phase column
(Luna® C-18, 250 mm× 4.6 mm, 5�m). The mobile phase
was a methanol–water mixture (50/50, v/v) and the flow rate
was 0.5 mL/min (UV detection at 275 nm). The retention
times were 7.8, 10.6 and 18.8 for the diol, internal standard
and epoxide, respectively. For the enantioselective reactions,
the ee of the remainingp-NSO andpara-nitrostyrene diol (p-
NSD) were determined by HPLC using chiral columns. An
aliquot of the reaction mixture (200�L) was extracted with
dichloromethane, dried over Na2SO4, diluted withn-hexane
and injected on CHIRALPAK® AD and CHIRALCEL®

OD-H. The retention times were 21.5 and 23.5 min for
the (R) and (S) enantiomers ofp-NSO (CHIRALPAK AD
2 in)
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Fig. 1. AnEH immobilization onto epoxide-activated silica gel. AnEH was
incubated in 0.1 M phosphate buffer pH 7 at 25◦C: (�) with epoxide-
activated silica support; (�) without silica support. The enzymatic activity
in the supernatant was monitored periodically with the assay described in
Section2.

is stable and reacts with enzymes and proteins under mild
conditions.

Thus, immobilized AnEH was prepared as already re-
ported [16] by adding an enzyme solution to epoxide-
derivatized silica gel support. The amount of activity in the
supernatant was followed as a function of time and dropped
to nearly zero in around 4–5 h (Fig. 1). An enzyme blank
was run without support and it was observed that the ac-
tivity remained at the initial level (around 100%). The ex-
periment was repeated three times and immobilization yield
(protein immobilized versus protein contacted) was in the
range 65–70%. The retention of activity (activity measured
versus activity expected) of the immobilized biocatalyst was
very high (89–98%). The preparations were stored at 4◦C
until use and retained their activity for several months.

3.2. Properties of immobilized AnEH

As one of the scopes of immobilization is the recycling of
the enzyme and the conditions used for enzymatic hydrolysis
are not necessarily optimal for enzyme stability, the effects
of reaction conditions on the stability of soluble and immobi-
lized enzyme were investigated. Thus, enzyme samples were
incubated for 2 weeks at room temperature and pHs 7 and 8
(pHs 7 and 8 are typically used in the enzyme activity as-
s ized
A me
c y of
S

uch
m ability
o ity
w d to
l

co-
s luble
50 mm× 4.6 mm, hexane/IPA 96/4, flow rate 0.5 mL/m
nd 19.5 and 22 min for the (R) and (S) enantiomers o
-NSD (CHIRALCEL® OD-H 250 mm× 4.6 mm, hex
ne/IPA 85/15, flow rate 0.5 mL/min). The enantiom
ere detected by a UV–vis detector (λ = 275 nm) and by
ircular Dichroism detector (λ = 275 nm).

. Results and discussion

.1. Immobilization of AnEH onto epoxide-activated
ilica gel

There are a number of methods available for the im
ilization of enzymes and in some cases the obtained
atalyst shows enzymatic properties that are very clo
hose of the free enzyme. Activated silica gel has been
essfully used in the covalent immobilization of proteins
nzymes and the resulting preparations have been wide

ized as chiral selectors and in bioreactors[20–23]. In gen-
ral, this apporach involves two steps, i.e. (i) activation o
arrier with a reactive spacer group and (ii) enzyme or
ein attachment via functional groups belonging to amino
esidues. The covalent attachment to an insoluble ma
nables the formation of stable linkages thus inhibiting l
ge almost completely. Nevertheless, the main concern
arry out the binding on residues, which are not invo
n the catalytic mechanism in order to prevent loss of
ivity of the immobilized enzyme. Among the several
mples reported, it has been shown that the epoxide m
btained by derivatization of silica gel with epoxy grou
ay and in batch reactors). At pH 7, soluble and immobil
nEH showed almost identical activity curves in the ti
ourse considered with a slight increase in the activit
iO2–AnEH preparation (Fig. 2).
At pH 8, the activity of both preparations decreased m

ore but there appeared to be an enhancement in the st
f the immobilized enzyme. After 2 weeks, 30% of activ
as retained, while the activity of soluble AnEH droppe

ess than 5%.
The effect on activity and operational stability of a

olvent was also considered. Indeed, with water-inso
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Fig. 2. Effect of storage on the stability of AnEH. Soluble and immobilized
AnEH were incubated at 25◦C at different pH values: (©) AnEH, pH 7; (�)
SiO2–AnEH, pH 7; (�) AnEH, pH 8; (�) SiO2–AnEH, pH 8. The activities
of the enzyme samples were monitored periodically with the assay described
in Section2.

Fig. 3. Effect of storage on the stability of AnEH. Soluble (�) and immobi-
lized (�) AnEH were incubated at 25◦C at pH 7 in 0.1 M phosphate buffer
with 20% DMSO. The activities of the enzyme samples were monitored
periodically with the assay described in Section2.

substrates, the addition of an organic solvent is necessary
to run the hydrolysis reactions. It has been shown[10] that
DMSO is one of the less inhibitory co-solvent among those
tested with AnEH. Thus, the influence of 20% DMSO was
assayed at room temperature and the results are shown in
Fig. 3.

After 24 h, the activity of soluble AnEH is already 60%
of the initial activity, while the immobilized enzyme main-
tained more than 90% activity for nearly 10 days. The

activity of immobilized AnEH was still around 70% af-
ter 2 weeks and 48% after 3 weeks. So, it can be con-
cluded that covalent immobilization on derivatized silica
gel enhanced the stability of AnEH against organic solvent
inactivation.

3.3. Enantioselective hydrolysis of p-nitrostyrene oxide

Since it is known that immobilization can alter enzyme
specificities, the enantioselectivity of a hydrolysis reaction
catalyzed by soluble and immobilized AnEH was also in-
vestigated. Racemicpara-nitrostyrene oxide hydrolysis was
selected as model reaction because the substrate is used also
in the enzyme activity assay (Scheme 1).

Moreover, this compound is often used because: (a) this
is the key chiral synthon implied in the synthesis of�-
blocker Nifenalol®; (b) there is no detectable chemical hy-
drolysis of the epoxide in water; (c) its UV absorbance
allows an easy detection after HPLC separation. The ki-
netic resolution was performed at 4.5 mM substrate concen-
tration by using both the native and immobilized enzyme
in bulk. The concentration and ee of the substrate (epox-
ide) and product (diol) versus time are shown inFig. 4 (A)
and (B).

It is evident that immobilization showed no detectable ef-
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Scheme 1. Enantioselective hydrolysis of racemicpara-nitrostyrene
ect on the enantioselectivity of the reaction at each de
f conversion. The epoxide concentration decreased ra

rom 4.5 mM to around 2.2 mM (50% conversion) in 1.
n the kinetic resolution catalyzed by soluble AnEH. At t
oint, the ee of the remaining (S) epoxide was 99%. Mea
hile, the (R) diol concentration increased to 2.2 mM (9
e). Very similar results were obtained with immobiliz
nzyme: after 3 h (50% conversion), the ee of the rem

ng epoxide was 98% and the ee of the formed diol
2%. From these data, an enantiomeric ratio (E) of 85 for
iO2–AnEH was calculated on the basis of the ee of u
cted epoxide and formed diol and of the conversion

24]. This value is in good agreement with that obtained
or the native enzyme, confirming that the enantioselect
as unchanged after the immobilization. The enantiopr
nce remained always the same with both enzyme pre

ions.
To check that there was no leaching of the enzyme from

nsoluble support under catalytic conditions, the biocata
as removed by filtration after 1 h from the reaction mixt
he filtrate was analyzed every 30 min for 3 h and it
bserved that the kinetic resolution stopped and no enzy
ctivity was present in solution.

oxide catalyzed by epoxide hydrolase fromAspergillus niger.
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Fig. 4. Kinetics of the hydrolysis of racemicpara-nitrostyrene oxide catalyzed by (A) soluble AnEH and (B) immobilized AnEH. The curves show the variations
in epoxide (�) and diol (�) concentrations and in epoxide (©) and diol (�) enantiomeric excess (ee) with time.

3.4. Re-use of immobilized AnEH

The results obtained in the enantioselective hydrolysis
of racemic para-nitrostyrene oxide, encouraged us to
investigate the reusability of the immobilized enzyme
in “repeated-batch” reactions. Indeed, the possibility of
separating the biocatalyst from the reaction mixture is one
of the most attractive advantages of enzyme immobilization.
Therefore, re-use of SiO2–AnEH for several reaction cycles
was affected. Enantioselective hydrolysis of racemicp-NSO
was performed by using the same sample of the enzyme,
which was filtered at the end of each reaction cycle and
re-used with fresh substrate solution (Fig. 5).

Fig. 5 shows that the conversion and ee were nearly un-
changed after nine cycles. The loss of activity after the first
cycle may be related to the first filtration of the support. The
enzymatic activity of the biocatalyst recovered after nine cy-
cles was further checked with the standard assay and it was
found that nearly the initial activity was recovered.

F tions
o ation
( ral
r

4. Conclusions

The commercially available epoxide hydrolase fromA.
nigerwas covalently bound to a modified silica matrix with-
out affecting the enzymatic activity. Moreover, the immobi-
lization procedure preserved the enzyme from inactivating
process by increasing its stability in the presence of 20%
DMSO. It was demonstrated that the catalytic conditions used
(substrate concentration, pH, co-solvent) allow the recovery
of the enzyme and its re-use for several cycles. The enantios-
elective enzymatic hydrolysis of racemicpara-nitrostyrene
oxide was also investigated showing that the immobilized en-
zyme displayed enantioselectivity and reaction rates compa-
rable with those observed with the soluble enzyme. Thus, the
described system might be exploited in the preparative syn-
thesis of chiral epoxides and diols and offers excellent poten-
tialities for an industrial scale-up of the enzymatic reaction.
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