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Abstract

Epoxide hydrolase fromspergillus 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 frorA. nigeron silica gel was the enhanced enzyme stability in the presence of 20% DMSO. The
kinetic resolution of racemipara-nitrostyrene oxide was investigated by using this new immobilized biocatalyst. The enantioselectivity of
the enzyme was not altered by the immobilization reaction: both unreacted epoxide and formed diol were obtained with very high ee (99 and
92%, respectively). In addition, the biocatalyst could be easily separated from the reaction mixture and re-used for over nine cycles without
any noticeable loss of enzymatic activity or change in the enantioselectivity extent. The activity ofimmobilized AnEH was retained for several
months.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction ing diols, thus leading in one row to the unreacted epoxide
and the formed vicinal diol both in enantiomerically enriched
Enantiomerically pure epoxides and their corresponding form. EHs are ubiquitous in nature being found not only in the
vicinal diols are intermediates of high value for the synthesis mammalian world but also in bacteria, yeast, fungi, plants and
of bioactive molecules of great interest in different fields as insects[6,7]. Recently, EH fromAspergillus nigerfAnEH)
the pharmaceutical or agrochemical indugtry2]. This ex- has been studied in some de{&]. This fungal EH, which
plains why organic chemists have devoted many efforts over is now commercially availabl®], showed high activity and
the past few decades to develop innovative methodologiesgood enantioselectivity as catalyst in the hydrolysis of vari-
for preparing such chirons as a single enantiomer. The pro-ousracemic epoxid¢$0,11] However, it was founfil2] that
posed procedures use either an organometallic-based catalyghis enzyme was not very stable under the conditions used for
[3] or a biological catalyg#,5], each having advantages and enzymatic reactors. In order to become a versatile and con-
drawbacks. A very promising strategy is the hydrolytic ki- venient tool on a preparative scale, operational stability and
netic resolution of epoxides using epoxide hydroldées] recycling are key prerequisites, which can be achieved with
(EHs; E.C. 3.3.2.3). These enzymes are able to achieve, with-the immobilization of the enzyme. As far as the EHs are con-
out the use of any cofactors, the enantioselective opening ofcerned, few examples are reported and only two approaches
the oxirane ring of various epoxides to form the correspond- are dealing with AnEH13,14] Very recently[14], a paper
appeared describing an interesting approach for the immobi-
+ Corresponding author. Tel.: +39 050 2219273; fax: +39 050 2219260, |1 zation/stabilization of AnEH: amodified commercial epoxy
E-mail addresspsalva@dcci.unipi.it (P. Salvadori). support was used providing a stable and re-usable biocatalyst.
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In the last few years, we became interested in covalent nium sulphate 2M and 1 mL of AnEH solution (4 mg/mL)
immobilization of enzymes on activated silica gel as an use- were added to 0.1 mg of functionalized silica gel. The amount
ful support in enantioselective synthesis applicat{dgs16] of activity and the concentration of the enzyme in the super-
The use of such modified enzymes is very advantageousnatant were followed as a function of time to determine the
since, beside a generally improved operational stability, they amount of immobilized AnEH. A blank was run in parallel
can be easily recovered at the end of the reaction and con-with enzyme alone (without support) to account for enzyme
tinuously recycled. The enzymes lipase fr@seudomonas  inactivation during prolonged incubations. After 4 h, the solid
cepacia[15] and chloroperoxidase fro@aldariomyces fu-  with the immobilized enzyme was recovered through cen-
mago[16] were covalently bound onto epoxide-derivatized trifugation and washed with the same buffer (0.1 M, pH
silica gel. These preparations showed enhanced stability with7), until no enzyme activity was found in the washings.
respect to the free enzymes and enzymatic activities wereThe amount of enzyme bound to the support was 26.40 mg
retained after several months from their first use. In addi- AnEH/g of silica gel. The experiment was carried out in du-
tion, immobilized enzyme reactors based on these covalentlyplicate. The Si@G-AnEH preparations were stored at@
bound enzymes were developed and used in the enantioseleadntil use.
tive preparation of both the enantiomers of 2-substituted 1,3-
propane diol monoacetat§kb] and epoxidation of styrene, 2.3.2. Enzyme activity assay
respectively{17]. Therefore, in order to broaden the scope Epoxide hydrolase activity was assayed by measuring the
of this approach, we were interested in the covalent immo- rate of hydrolysis of racemip-NSO. Typically, 5QuL of a
bilization of the enzyme AnEH. This work describes the solution containing 1 mg/mL of AnEH or SKANEH sus-
preparation and enzymatic properties of silica gel-supported pension was added to 3pL of phosphate buffer (0.1 M,
AnEH and its application in the enantioselective hydrolysis of pH 7) and the mixture was preincubated at@5for 2 min.
racemicpara-nitrostyrene oxide in repeated-batch reactions. Then 10QuL 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

2. Materials and methods and the quantity of formed diol was determined by HPLC as
described in 2.3.6. One epoxide hydrolase unit (U) was the
2.1. Materials amount of enzyme that catalyzed the formation pfvol of

diol/min under the above conditions.
AnEH was obtained as a solid from Fluka and showed

an activity of about 1.125U/mg againpara-nitrostyrene 2.3.3. Stability of immobilized AnEH
oxide (-NSO), as measured by a reported as§hi]. One milliliter of 0.1 M phosphate buffer solution contain-
Racemigara-nitrostyrene oxide was synthesized in our lab- ing 1mg/mL of free AnEH or Si@-AnEH was incubated
oratory from 2-bromo-4nitroacetophenone by a previously at two different pH values (7 and 8) and 25 on a rota-
described methoflL8]. All the products and solvents used tional shaker (200 rpm). After different times of incubation,
in the present paper were obtained from commercial sourcessamples were withdrawn and residual activity was assayed
and were of analytical grade or superior. Silica gel (5 mm, under standard conditions for 2 weeks. Each experiment was

specific surface 340#g) was from Alltech. carried out in triplicate. The effect of the co-solvent DMSO
was tested by incubating free or bound enzyme in phosphate
2.2. Equipment buffer (0.1 M, pH 7) containing 20% of DMSO at 26 as

described above. After different times of incubation, sam-
Chromatographic experiments were performed with two ples were withdrawn and residual activity was assayed under
HPLC systems. One system consisted of a Jasco PU-980standard conditions for 2 weeks.
pump with a Rheodyne sample valve (20loop), equipped
with a Jasco MD-910 diode array multiwavelength detector. 2.3.4. Enantioselective hydrolysis of para-nitrostyrene
The second equipment was a Jasco PU-880 with a Rheodynexide

sample valve (2Q.L loop) equipped with a Jasco UV-875 A stirred batch reactor (total volume 5mL) was run at
UV-vis detector and a Jasco CD-1595 Circular Dichroism 25°C, with a substrate concentration of 4.5 mM with DMSO
detector. (0.2 V ratio) as co-solvent in a 0.1 M phosphate buffer pH 7.
The reaction was started by the addition of 2800f AnEH
2.3. Methods solution or SIQ—AnEH suspension (34 U/L). Samples were
withdrawn every 30 min for quantification of substrate and
2.3.1. Covalent immobilization of AnEH onto product concentrations and ee.

epoxide-activated silica gel

Epoxide derivatized silica gel was prepared according to 2.3.5. Repeated-batch reactions
the methods previously report¢tb,19]. Four milliliters of The enantioselective hydrolysis pENSO was carried
0.1 M phosphate buffer solution, pH 7, containing ammo- out by employing the procedure described above with
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SiO,—AnEH preparation. After 2.5 h of reaction, stirring was 120 -
stopped and the suspension filtered. The recovered enzyme AnEH without support
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. 801
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 20Q.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- 0 ————— %
tion of diol was determined by using a reverse phase column 0 1 2 3 4
(Luna® C-18, 250 mmx 4.6 mm, 5um). The mobile phase time (h)
was a methan(.)l_water miXtu.re (50/50, viv) and the flow 'rate Fig. 1. AnEH immobilization onto epoxide-activated silica gel. AnEH was
V_Vas 0.5mL/min (UV detection at 275_nm)_' The retention incubated in 0.1 M phosphate buffer pH 7 at°Z5 (H) with epoxide-
times were 7.8, 10.6 and 18.8 for the diol, internal standard activated silica support{{) without silica support. The enzymatic activity
and epoxide, respectively. For the enantioselective reactionsn the supernatant was monitored periodically with the assay described in
the ee of the remainingtNSO andpara-nitrostyrene diol - Section2.
NSD) were determined by HPLC using chiral columns. An
aliquot of the reaction mixture (2Q€L) was extracted with is stable and reacts with enzymes and proteins under mild
dichloromethane, dried over N8Oy, diluted withn-hexane  conditions.
and injected on CHIRALPAR AD and CHIRALCEL® Thus, immobilized AnEH was prepared as already re-
OD-H. The retention times were 21.5 and 23.5min for ported [16] by adding an enzyme solution to epoxide-
the ®R) and © enantiomers op-NSO (CHIRALPAK AD derivatized silica gel support. The amount of activity in the
250 mmx 4.6 mm, hexane/IPA 96/4, flow rate 0.5mL/min) Supernatant was followed as a function of time and dropped
and 19.5 and 22min for theR{ and © enantiomers of  to nearly zero in around 4-51ig. 1). An enzyme blank
p-NSD (CHIRALCEL® OD-H 250 mmx 4.6mm, hex- was run without support and it was observed that the ac-
ane/lPA 85/15, flow rate 0.5mL/min). The enantiomers tivity remained at the initial level (around 100%). The ex-

were detected by a UV-vis detector£275nm) and by a  Periment was repeated three times and immobilization yield
Circular Dichroism detecton(= 275 nm). (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

3. Results and discussion very high (89-98%). The preparations were stored &t 4
until use and retained their activity for several months.
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3.1. Immobilization of AnEH onto epoxide-activated
silica gel 3.2. Properties of immobilized AnEH

There are a number of methods available for the immo-  As one of the scopes of immobilization is the recycling of
bilization of enzymes and in some cases the obtained bio-the enzyme and the conditions used for enzymatic hydrolysis
catalyst shows enzymatic properties that are very close toare not necessarily optimal for enzyme stability, the effects
those of the free enzyme. Activated silica gel has been suc-of reaction conditions on the stability of soluble and immobi-
cessfully used in the covalent immobilization of proteins and lized enzyme were investigated. Thus, enzyme samples were
enzymes and the resulting preparations have been widely uti-incubated for 2 weeks at room temperature and pHs 7 and 8
lized as chiral selectors and in bioreactfi#6—23] In gen- (pHs 7 and 8 are typically used in the enzyme activity as-
eral, this apporach involves two steps, i.e. (i) activation of the say and in batch reactors). At pH 7, soluble and immobilized
carrier with a reactive spacer group and (ii) enzyme or pro- AnEH showed almost identical activity curves in the time
tein attachment via functional groups belonging to aminoacid course considered with a slight increase in the activity of
residues. The covalent attachment to an insoluble matriceSiO,—AnEH preparationKig. 2).
enables the formation of stable linkages thus inhibiting leak- At pH 8, the activity of both preparations decreased much
age almost completely. Nevertheless, the main concern is tomore but there appeared to be an enhancement in the stability
carry out the binding on residues, which are not involved of the immobilized enzyme. After 2 weeks, 30% of activity
in the catalytic mechanism in order to prevent loss of ac- was retained, while the activity of soluble AnEH dropped to
tivity of the immobilized enzyme. Among the several ex- less than 5%.
amples reported, it has been shown that the epoxide matrix The effect on activity and operational stability of a co-
obtained by derivatization of silica gel with epoxy groups solvent was also considered. Indeed, with water-insoluble
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Fig. 2. Effect of storage on the stability of AnEH. Soluble and immobilized
AnEH were incubated at 2% at different pH values(()) AnEH, pH 7; @)
SiO—ANnEH, pH 7; J) AnEH, pH 8; @) SiO,—AnEH, pH 8. The activities
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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. Racemijgara-nitrostyrene oxide hydrolysis was
selected as model reaction because the substrate is used also
in the enzyme activity assag¢heme L

Moreover, this compound is often used because: (a) this
is the key chiral synthon implied in the synthesis f
blocker NifenaldP; (b) there is no detectable chemical hy-

ofthe enzyme samples were monitored periodically with the assay describeddrolysis of the epoxide in water; (c) its UV absorbance

in Section2.
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Fig. 3. Effect of storage on the stability of AnEH. Soluklé)@nd immobi-
lized (@) AnEH were incubated at 2% 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 Sectibn

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 showrFig. 4 (A)

and (B).

Itis evident that immobilization showed no detectable ef-
fect on the enantioselectivity of the reaction at each degree
of conversion. The epoxide concentration decreased rapidly
from 4.5mM to around 2.2 mM (50% conversion) in 1.5h
in the kinetic resolution catalyzed by soluble AnEH. At this
point, the ee of the remainin@) epoxide was 99%. Mean-
while, the R) diol concentration increased to 2.2 mM (94%
ee). Very similar results were obtained with immobilized
enzyme: after 3h (50% conversion), the ee of the remain-
ing epoxide was 98% and the ee of the formed diol was
92%. From these data, an enantiomeric rafip ¢f 85 for
SiO,—ANnEH was calculated on the basis of the ee of unre-
acted epoxide and formed diol and of the conversion ratio
[24]. This value is in good agreement with that obtained (88)
for the native enzyme, confirming that the enantioselectivity

substrates, the addition of an organic solvent is necessaryvas unchanged after the immobilization. The enantioprefer-

to run the hydrolysis reactions. It has been sh¢®dj that

ence remained always the same with both enzyme prepara-

DMSO is one of the less inhibitory co-solvent among those tions.

tested with AnEH. Thus, the influence of 20% DMSO was

To check thatthere was no leaching of the enzyme from the

assayed at room temperature and the results are shown ifnsoluble support under catalytic conditions, the biocatalyst

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

Epoxide hydrolase
from Aspergillus niger

was removed by filtration after 1 h from the reaction mixture.
The filtrate was analyzed every 30min for 3h and it was
observed that the kinetic resolution stopped and no enzymatic
activity was present in solution.

OH

rac-1

R /@/k‘
o

(81 (R)-2

Scheme 1. Enantioselective hydrolysis of racep@ta-nitrostyrene oxide catalyzed by epoxide hydrolase fAspergillus niger
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Fig. 4. Kinetics of the hydrolysis of racenpara-nitrostyrene oxide catalyzed by (A) soluble AnEH and (B) immobilized AnEH. The curves show the variations
in epoxide @) and diol @) concentrations and in epoxid€)] and diol (J) enantiomeric excess (ee) with time.

3.4. Re-use of immobilized AnEH 4. Conclusions

The results obtained in the enantioselective hydrolysis  The commercially available epoxide hydrolase frém
of racemic para-nitrostyrene oxide, encouraged us to nigerwas covalently bound to a modified silica matrix with-
investigate the reusability of the immobilized enzyme out affecting the enzymatic activity. Moreover, the immobi-
in “repeated-batch” reactions. Indeed, the possibility of lization procedure preserved the enzyme from inactivating
separating the biocatalyst from the reaction mixture is one process by increasing its stability in the presence of 20%
of the most attractive advantages of enzyme immobilization. DMSO. It was demonstrated that the catalytic conditions used
Therefore, re-use of S AnEH for several reaction cycles  (substrate concentration, pH, co-solvent) allow the recovery
was affected. Enantioselective hydrolysis of racepadSO of the enzyme and its re-use for several cycles. The enantios-
was performed by using the same sample of the enzyme,elective enzymatic hydrolysis of racenpara-nitrostyrene
which was filtered at the end of each reaction cycle and oxide was also investigated showing that the immobilized en-
re-used with fresh substrate solutidfig. 5). zyme displayed enantioselectivity and reaction rates compa-

Fig. 5 shows that the conversion and ee were nearly un- rable with those observed with the soluble enzyme. Thus, the
changed after nine cycles. The loss of activity after the first described system might be exploited in the preparative syn-
cycle may be related to the first filtration of the support. The thesis of chiral epoxides and diols and offers excellent poten-
enzymatic activity of the biocatalyst recovered after nine cy- tialities for an industrial scale-up of the enzymatic reaction.
cles was further checked with the standard assay and it was
found that nearly the initial activity was recovered.
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