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Abstract

Aqueous solutions of crude extract of lipase fromCandida rugosa(C-CRL) and of a semipurified material obtained by
treating C-CRL with propan-2-ol (PT-CRL) were used as a source of biomaterial for its adsorption onto the surface of layered
micro-crystals of�-zirconium phosphate Zr(HPO4)2 and phosphonates such as Zr(C6H5PO3)2, Zr(HPO4)(C6H5PO3) and
Zr(HOOCCH2PO3)(HPO4), which possess groups with different hydrophobic character anchored to the inorganic matrix.
Several biocomposites have been obtained by changing the temperature and the time of equilibration of the various supports
with the C-CRL and PT-CRL solutions. The biocomposites have shown different esterase activities and enantio-selectivities in
the hydrolysis ofp-nitrophenylacetate (p-NPA), ethyl butyrate and (±)-methyl-2-(4-chlorophenoxy) propionate as a function
of the nature of the support and of the time and temperature of equilibration. These results have been interpreted on the basis
of a selective adsorption of different isoforms of the enzyme. The biocomposites can be stored for more than 1 month at 4◦C
and can be used for several cycles without a significant decrease in catalytic activity.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction

The immobilization of enzymes on insoluble sup-
ports is an interesting topic of research in enzyme
technology, especially for industrial applications[1,2].
The supports employed and the methods of immobi-
lization used are chosen so as to ensure the highest
retention of enzyme activity, stability and durability.
Among several immobilization techniques that can be
used, adsorption seems to be the most suitable be-
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cause it is simple, inexpensive and induces fewer mod-
ifications in the active conformation of the enzyme
[3,4].

Lipases are interesting enzymes because of their
versatility in catalyzing hydrolysis and esterification
reactions with extremely simple processes, the supe-
rior quality and high yields of the final products[5–7].
Therefore, research on lipase immobilization has in-
creased[8].

In a recent paper, we showed that layered zir-
conium phosphates and phosphonates are effective
supports ofCandida rugosalipase (CRL) and, in
some instances, the obtained biocomposites contained
large amounts of protein adsorbed onto the surface of
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the micro-crystals which showed good catalytic ac-
tivity towards the hydrolysis ofp-nitrophenylacetate
(p-NPA) [9]. It was also observed that the uptake
capacity of the supports, as well as the catalytic ac-
tivity of the biocomposites, were strongly affected
by the chemical characteristics of the surfaces of the
micro-crystals. Based on those results, it seemed of
interest to explore the possibility of selectively immo-
bilizing different isoforms of lipase by exploiting the
different surface characteristics of layered zirconium
phosphates and phosphonates.

Several lipase isoforms have been described in
many organisms. These isoenzymes may behave dif-
ferently when catalyzing organic synthesis. In fact,
very slight differences in conformation (physical–
chemical properties) can cause significant differences
in the activity and stereospecificity towards different
substrates[10,11]. However, it may be extremely dif-
ficult to separate these isoforms by using conventional
chromatographic techniques due to their structural
similarities. The possibility of separating, or at least
enriching, different isoforms by selective adsorption
and immobilization on supports can be achieved by
taking into account the nature of the enzyme–support
interactions (ionic, hydrophobic, Van der Waals, etc.)
and the different rates and intensities of adsorption
obtained by varying the experimental conditions of
the uptake process such as equilibration time, pH,
ionic strength and temperature of the equilibrating
solutions[12–14].

Layered zirconium phosphates and phosphonates
are very insoluble, have good chemical, thermal and
mechanical resistance and are easy to handle when
designing and preparing solids with various func-
tionalities. Different types of layered phosphates and
phosphonates are known and differ according to the
structure of the layers[15,16]. The most investigated
ones are indicated with the Greek prefix alpha and
have the general formula Zr(RPO3)2, R being H, OH
or a functional organic group. The layered structure
arises by the packing of lamellae, each constituted by
a plane of Zr(IV) atoms sandwiched between tetra-
hedral O3P–R groups placed alternately above and
below the metal plane. In many cases, compounds
can be obtained which have two different func-
tional groups pointing towards the interlayer region
and a general formula Zr(RPO3)2−x(R′PO3)x·nS.
Therefore, these materials provide many advantages

if used as supports for lipases. One advantage is
the possibility of functionalizing the layers with a
large variety of organic groups (alkyl, aryl, carbox-
ilic, aminoacidic, sulphophenyl,. . . ) which changes
the hydrophobic/hydrophilic character of the sur-
face [16]. This allows different interactions with
amino-acid residues of proteins, which may lead
to the binding of isoenzymes with different surface
characteristics.

The present paper describes the selective immobi-
lization of isoforms ofC. rugosalipase via adsorption
onto layered zirconium phosphate and onto various
zirconium phosphonates focusing on the experimental
parameters, like temperature and time of adsorption.

The lipases used for the immobilization were ob-
tained from the crude extract (C-CRL) and by treating
C-CRL with propan-2-ol (PT-CRL).

The catalytic activity of the biocomposites ob-
tained was assayed in the hydrolysis reactions of
p-nitrophenylacetate and ethyl butyrate.

The different biocomposites were also used to cat-
alyze the hydrolysis of (±)-methyl-2-(4-chlorophe-
noxy) propionate in order to examine the effects
of immobilization on the enantioselective ability of
CRL.

2. Experimental

2.1. General

Lipase from C. rugosa (crude CRL E.C.1.1.13,
type VII) was purchased from Sigma Chemical
Co. Coomassie Brilliant Blue G-250 was purchased
from Bio-Rad. Ethyl butyrate,p-nitrophenol and
raceme 2-(4-chlorophenoxy) propionic acid were ob-
tained from Aldrich Chemical Co. Racemic methyl
2-(4-chlorophenoxy) propionate was prepared as de-
scribed in [17]. All the organic solvents were of
reagent grade and used without further purification.

1H NMR spectra were recorded in CDCl3 solution
on a Bruker AC 200 MHz spectrometer. The enan-
tiomeric excesses (e.e.) of methyl esters (−)-S3 were
determined by1H NMR spectroscopy by using Eu-
ropium tris[3-(heptafluoropropylhydroxymethylene)-
(+)camphorate] as chiral shift reagent. The e.e. of
acids (+)-R 2 were determined on corresponding
methyl esters obtained by treatment with CH2N2.
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2.2. Preparation of the supports

Layered zirconium phosphates and phospho-
nates were prepared according to the method of the
slow decomposition of zirconium fluoro-complexes
in the presence of phosphoric and/or phosphonic
acids [18]. Details of the synthesis, as well as the
physical–chemical properties, are reported in[9].

2.3. Preparation of C-CRL and PT-CRL solutions

C-CRL solution was prepared as described in
[9]. PT-CRL was prepared by treating C-CRL with
propan-2-ol according to the procedure reported in
[17].

2.4. Protein assay of CRL solutions

The protein concentrations of the C-CRL and
PT-CRL solutions were measured using the Bradford
method[19].

2.5. Free CRL activity assay

In a typical experiment, one ml ofp-nitrophenyla-
cetate solution (0.1 M in CH3CN) or one ml of ethyl
butyrate (d = 0.8 g/ml) was added to 10 ml of phos-
phate buffer (10 mM, pH 7.2). An aliquot of C-CRL
or PT-CRL solution was added to the mixture that was
maintained under vigorous stirring. As the hydrolysis
proceeded, acetic or butyric acid formed in solution
were continuously titrated with a 0.02 M NaOH solu-
tion by using the Autotitrator Mettler Toledo DL21.

One lipase unit (U) has been defined as the amount
of enzyme required to liberate 1�mol of acetic or
butyric acid per minute, under the assay conditions.

2.6. CRL immobilization

Sixty milligrams of the chosen micro-crystals were
placed in contact with 4 ml of C-CRL solution (c =
0.5 mg/ml) or PT-CRL solution (0.1 mg/ml) in a sealed
vessel and stirred for 1.5 h (or 16 h) at 4◦C (or 22◦C).
The suspension was then centrifuged at 3000 rpm for
10 min and the supernatant was separated from the
solid. The solid with the immobilized enzyme was
washed with distilled water (2×2 ml), the suspension

centrifuged at 3000 rpm for 10 min and the supernatant
separated from the solid.

The supernatants were collected and the protein
concentration determined according to Bradford’s
method. The amount of bound protein was determined
indirectly by calculating the difference between the
amount of protein introduced into the reaction mix-
ture and the amount of protein that remained in the
supernatants.

Residual free activity of the supernatant was mea-
sured as described above.

Activity loading (U/g support) was determined by
subtracting the residual free activity (after immobi-
lization) from the original free lipase activity (before
immobilization).

2.7. Hydrolysis of (±)-methyl-2-(4-chlorophenoxy)
propionate (1) in water in the presence of
free C-CRL

In a typical experiment (Table 5, entry 1), 12 ml of
C-CRL solution (55 U withp-NPA assay) in phosphate
buffer (20 mM, pH 7.2) were stirred for 15 min at room
temperature and then added to substrate1 (214 mg,
1 mmol). The mixture was stirred and the pH was
maintained at 7.2 by automatic titration with NaOH
0.2 M. When the hydrolysis reached 67% conversion,
a saturated solution of NaCl (15 ml) was added to the
reaction mixture. The pH was adjusted to 2 using HCl
6N and then the mixture was extracted with ethyl ether
(3 × 30 ml).

The combined ether extracts were treated with satu-
rated aqueous NaHCO3 (3×25 ml) and the layers were
separated. The ether layer was dried with Na2SO4 and
concentrated in vacuo giving the ester (−)-S3: 63 mg
(90% yield), e.e. 34%.

The combined aqueous layers were acidified to pH
2, extracted with ether (3×30 ml), dried with Na2SO4
and concentrated in vacuo giving the acid (+)-R 2:
114 mg (85% yield), e.e. 17%.

2.8. Hydrolysis of (±)-methyl-2-(4-chlorophenoxy)
propionate (1) in water in the presence of
free PT-CRL

In a typical experiment (Table 6, entry 1), 12 ml of
PT-CRL solution (250 U withp-NPA assay) in phos-
phate buffer (20 mM, pH 7.2) were stirred for 15 min
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at room temperature and then added to substrate1
(214 mg, 1 mmol). The mixture was stirred and the
pH was maintained at 7.2 by automatic titration with
NaOH 0.2 M. When the hydrolysis reached 45% con-
version, the reaction mixture was worked up as de-
scribed above and afforded (−)-S 3: 106 mg (90%
yield), e.e. 67% and (+)-R 2: 76 mg (85% yield), e.e.
83%.

2.9. Hydrolysis of (±)-methyl-2-(4-chlorophenoxy)
propionate (1) in water in the presence of
immobilized C-CRL or PT-CRL

In a typical experiment (Table 5, entry 2), 180 mg
of bio-composite was added to 12 ml of phosphate
buffer (20 mM, pH 7.2) and stirred for 15 min at room
temperature. The mixture was then added to substrate
1 (214 mg, 1 mmol), stirred and the pH was maintained
at 7.2 by automatic titration with NaOH 0.2 M. When
the hydrolysis reached 33% conversion, the reaction
mixture was filtered. The biocatalyst was washed with
distilled water (2×2 ml) and ethyl ether(1×1 ml). The
reaction mixture was worked up as described above
and afforded (−)-S 3: 128 mg (90% yield), e.e. 24%
and (+)-R 2: 56 mg (85% yield), e.e. 48%.

2.10. Repeated hydrolysis of
(±)-methyl-2-(4-chlorophenoxy) propionate (1) in
water in the presence of PT-CRL immobilized on
α-ZrP-BP

The operational stability of the immobilized
PT-CRL was assayed using 240 mg of biocatalyst dis-
persed in 10 ml of phosphate buffer (10 mM, pH 7.2).
The suspension was added to substrate1 (214 mg,
1 mmol), stirred at room temperature and the pH was
maintained at 7.2 by automatic titration with NaOH
0.2 M. When the hydrolysis reached the conversion
shown in Table 7, the reaction mixture was cen-
trifuged at 3000 rpm for 10 min and the supernatant
separated from the solid. The immobilized enzyme
was then washed with distilled water (2× 2 ml) and
ethyl ether (1× 1 ml), the suspension centrifuged at
3000 rpm for 10 min and the supernatant separated
from the solid which was reused for the successive
experiment. The supernatants containing the reaction
mixture were collected and worked up as described
above.

In a separated experiment, we tested the super-
natants for the presence of protein leaching from the
support. The absence of the activity in the super-
natant and the negative Bradford’s test indicate that
the enzyme is not leached from the support.

3. Results and discussion

3.1. Immobilization of C-CRL on different
zirconium phosphates and phosphonates:
effect of the hydrophobic/hydrophilic
character of the support

We selected zirconium phosphates and phospho-
nates that had different functional groups on the sur-
face in order to evince their ability to recognize CRL
isoenzymes and to preferentially take up the isoen-
zymes that interact better with the surface groups of
a given support. The chemical name and acronym of
the supports chosen, as well as their structural charac-
teristics, are illustrated inFig. 1.

According to the surface properties of the vari-
ous supports, different protein-support interactions can
be hypothesized. For example, when considering hy-
drophilic materials like�-ZrP and �-ZrP-CEP that
can transfer protons to basic centers, ionic interactions
may be established between the protein and the sup-
port. Hydrophobic interactions are also possible when
using�-ZrP-BP but only hydrophobic interactions are
envisaged for�-ZrBP.

We decided to use two different substrates to mea-
sure the immobilized catalytic activity in order to ex-
ploit the possible selectivity of the supports towards
CRL isoforms. The selected test reactions were the
hydrolysis of carboxylic acid esters, such asp-NPA
and ethyl butyrate, which have different chain lengths
and different sizes[20].

Table 1reports the amount of protein immobilized
on the different supports and the catalytic activity of
the biocomposites towards the two test reactions. It
can be seen that lipases, that are highly hydropho-
bic compared to of conventional proteins, show the
maximum affinity for the supports that have the most
hydrophobic groups (Table 1, entries 3 and 4). With
regard to the catalytic activity, 48% of the esterase
activity (with p-NPA as substrate) was immobilized
on �-ZrBP, while 28% was adsorbed onto�-ZrP-CEP
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Fig. 1. Schematic representation of the layered structure of Zr(RPO3)2−x(R′PO3)x micro-crystals. (a) Sequence of the layers of the structure.
(b) View of the surface of one side of the layer. The table reports the chemical composition and the acronym of the investigated supports.

Table 1
Immobilization of C-CRL on different zirconium phosphates and phosphonatesa

Entry Support Immobilized protein (%)b Immobilized activity (%)c

p-Nitrophenylacetate Ethyl butyrate

1 �-ZrP 42 14 42
2 �-ZrP-CEP 42 28 42
3 �-ZrP-BP 74 41 52
4 �-ZrBP 78 48 46

a Protein concentration 0.5 mg/ml, 4◦C, 16 h, pH 4.0.
b Calculated from the protein remaining in solution after immobilization (determined by Bradford method).
c Calculated from the activity remaining in solution after immobilization.
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and only 14% onto�-ZrP. These different percentages
of immobilized activity indicate that, among the CRL
isoforms, those that recognizep-NPA as substrate are
preferentially adsorbed onto�-ZrBP. In contrast, the
immobilized activity determined with ethyl butyrate
as substrate was very similar in all cases. We may con-
clude that the different isoforms have the same enzy-
matic activity in the hydrolysis of ethyl butyrate and
therefore this reaction is not suitable for demonstrat-
ing selective adsorption. However, the overall results
indicate that this kind of immobilization allows bio-
composites to be obtained that have different catalytic
properties depending on the support used.

3.2. Immobilization of C-CRL onα-ZrP-BP at
different equilibration times

Among the various supports, we selected�-ZrP-BP,
characterized by the presence of hydrophilic and hy-
drophobic groups on the surface. The hydrolysis of
p-NPA was selected as the test reaction to study the
effect of the experimental conditions on the uptake of
protein and on the activity of the biocomposites. When
the immobilization of C-CRL on�-ZrP-BP was ob-
tained after equilibration for 1.5 h at 4◦C, the bound
protein was 40% of the total amount offered to the
support, while the immobilized activity was 32% (see
Table 2, entry 1).

By increasing the contact time between the protein
solution and the support to 16 h, the bound protein
reached 74% of total amount, while the immobilized
activity was similar to the previous value. The iso-
forms that recognizedp-NPA as substrate were im-
mobilized very rapidly on�-ZrP-BP probably due to
their great affinity for the hydrophobic support[12].

Table 2
Effect of the immobilization time on C-CRL adsorption on
�-ZrP-BPa

Entry t (h) T (◦C) Immobilized
protein (%)b

Immobilized
activity (%)c

1 1.5 4 40 32
2 16 4 74 41

a Protein concentration 0.5 mg/ml, 4◦C, pH 4.0.
b Calculated from the protein remaining in solution after im-

mobilization (determined by Bradford method).
c Calculated from the activity remaining in solution after im-

mobilization (determined by hydrolysis ofp-NPA).

Table 3
Effect of temperature on C-CRL adsorption onto�-ZrP-BPa

Entry t (h) T (◦C) Immobilized
protein (%)b

Immobilized
activity (%)c

1 1.5 4 40 32
2 1.5 22 70 28

a Protein concentration 0.5 mg/ml, 1.5 h, pH 4.0.
b Calculated from the protein remaining in solution after im-

mobilization (determined by Bradford method).
c Calculated from the activity remaining in solution after im-

mobilization (determined by hydrolysis ofp-NPA).

Successively, proteins which lackedp-NPA activity or
that had minor affinity for the�-ZrP-BP surface also
bonded to the support.

3.3. Immobilization of C-CRL onα-ZrP-BP at
different temperatures

Temperature is another parameter that must be con-
trolled during immobilization because it can influence
the stability and conformational structure of proteins.
The temperature may influence adsorption driven by
hydrophobic interactions. At higher temperatures pro-
teins tend to expose their hydrophobic amino-acid
residues on the surface. The hydrophobic interactions
with the support should increase resulting in a greater
adsorption capacity of the support[21].

As can be seen inTable 3, the protein loading on
�-ZrP-BP at 22◦C was higher than that observed at
4◦C. In other respects, the esterase activity immo-
bilized at these different temperatures was about the
same. The affinity of isoforms with esterase activity
for the �-ZrP-BP surface seems to be independent of
the temperature at which the immobilization process
was carried out.

3.4. Effect of CRL purification on the immobilization
onto different zirconium phosphates and
phosphonates

Recently, we reported that C-CRL treated with sim-
ple aliphatic alcohols, such as propan-2-ol, produces
a biomaterial (PT-CRL) that has greatly modified
catalytic properties towards the hydrolysis of methyl
esters of 2-phenoxy-propionic acids[7]. The expla-
nation given was that the enzyme present in these
lipolytic preparations changes its native conformation
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Table 4
Immobilization of PT-CRL on different zirconium phosphates and phosphonatesa

Entry Support Immobilized
protein (%)b

Immobilized activity (%)c

p-Nitrophenylacetate Ethyl butyrate

1 �-ZrP 40 35 20
2 �-ZrP-CEP 30 26 7
3 �-ZrP-BP 46 17 17
4 �-ZrBP 49 11 25

a Protein concentration 0.1 mg/ml, 4◦C, 16 h, pH 4.0.
b Calculated from the protein remaining in solution after immobilization (determined by Bradford method).
c Calculated from the activity remaining in solution after immobilization.

and assumes an open-form by moving the flap at
the binding site. In particular, the flap at the binding
site moves and arranges itself in an open-form which
determines the geometry of the active site, allow-
ing one substrate to be recognized more easily than
another. We therefore, decided to use PT-CRL bio-
material as the source of protein to be immobilized
on different zirconium phosphates and phosphonates
and to study the effect of the treatment of C-CRL on
the affinity of the different isoforms for the supports
and on the catalytic properties of the biocomposites
obtained.

PT-CRL has a lower affinity for supports like
�-ZrBP and �-ZrP-BP, when compared to C-CRL
(compareTable 4with Table 1, entries 3 and 4). Fur-
thermore, the loading of esterase activity (withp-NPA
as substrate) decreased as the hydrophobic character
of the support increased. In fact, 35% of the activ-
ity was adsorbed onto�-ZrP, while only 11% were
immobilized on�-ZrBP.

On the basis of these results, we assume that the
treatment of the crude extract with propan-2-ol af-
fects the protein conformation, leading to a general
decrease in the affinity of the isoforms for a given
support. The PT-CRL immobilization on zirconium
phosphates and phosphonates leads to biocomposites
with catalytic properties that are different from those
obtained with C-CRL.

Fig. 2. Catalytic behavior of CRL.

3.5. Effect of selective adsorption on different
zirconium phosphates and phosphonates on the
stereoselective properties of CRL

The use of differently immobilized derivatives has
been shown to be a valid method for modulating the
activity and selectivity of lipases[22,23].

The catalytic behavior of CRL immobilized on dif-
ferent zirconium phosphates and phosphonates was
compared with that of a free enzyme in the hydrolysis
of (±)-methyl-2-(4-chlorophenoxy) propionate (±)-1
(seeFig. 2). This substrate was chosen because the
acids obtained, (+)-R 2 and (−)-S2, are of great bio-
logical interest[24].

The hydrolysis of (±)-1, catalyzed by free C-CRL,
was fast but the enantioselectivity was disappointing
(Table 5, entry 1). The immobilized C-CRL showed
similar reactivity and enantioselectivity towards (±)-1
(Table 5, entries 2, 4, 6, and 8) and no significant dif-
ferences in the enantioselectivity were observed when
the supernatant solution, recovered from the immobi-
lization procedure, was used to catalyze the hydrolysis
(Table 5, entries 3, 5, 7, and 9).

These results suggest that all C-CRL isoforms are
able to catalyze the hydrolysis of (±)-1 with low enan-
tioselectivity, hence the selective adsorption onto zir-
conium phosphates and phosphonates does not change
the enantioselective properties.
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Table 5
Enantioselectivity of C-CRL immobilized on different zirconium phosphates and phosphonates in the hydrolysis of
(±)-methyl-2-(4-chlorophenoxy) propionate (1) in water

Entry Catalyst t (h) C (%)a e.e. (2) e.e. (3) Eb

1 C-CRL free 0.7 67 17 34 2

2 C-CRL/�-ZrP 1.5 33 48 24 4
3 Supernatant 0.5 54 31 36 3

4 C-CRL/�-ZrP-CEP 1.0 55 48 58 5
5 Supernatant 1.5 51 32 33 3

6 C-CRL/�-ZrP-BP 2.0 53 46 52 4
7 Supernatant 1.5 52 38 41 3

8 C-CRL/�-ZrBP 5.0 44 32 25 2
9 Supernatant 3.0 59 27 39 3

a Conversion of reaction.
b Enantioselectivity factor[25].

On the other hand, PT-CRL is an efficient catalyst
in the hydrolysis of (±)-1, which has been resolved
with good eantioselectivity (Table 6, entry 1). It has
been found that the enantioselectivity of PT-CRL can
be modulated by immobilization on zirconium phos-
phates and phosphonates. The�-ZrP-CEP derivative
showed an enantioselectivity that was slightly higher
than that of free PT-CRL (Table 6, Entry 4), while a
slight decrease in theE-value was observed when the
supernatant was used (Table 6, entry 5).

With �-ZrP and�-ZrBP derivatives the enantiose-
lectivity decreased when either the biocomposites or
the supernatant solutions were used (Table 6, entries
2, 3, and 8, 9).

Table 6
Enantioselectivity of PT-CRL immobilized on different zirconium phosphates and phosphonates in the hydrolysis of (±)-methyl-2-(4-
chlorophenoxy) propionate (1) in water

Entry Catalyst t (h) C (%)a e.e. (2) e.e. (3) Eb

1 PT-CRL free 1.3 45 83 67 22

2 PT-CRL/�-ZrP 1.0 27 87 31 15
3 Supernatant 1.0 52 63 79 9

4 PT-CRL/�-ZrP-CEP 1.0 48 82 76 24
5 Supernatant 1.5 54 64 76 10

6 PT-CRL/�-ZrP-BP 2.0 51 85 90 42
7 Supernatant 0.6 55 62 75 9

8 PT-CRL/�-ZrBP 3.0 27 80 29 11
9 Supernatant 1.5 51 71 74 13

a Conversion of reaction.
b Enantioselectivity factor[25].

The immobilized derivative prepared on�-ZrP-BP
showed the most significant results compared to the
free PT-CRL (Table 6, entries 6 and 7). The enan-
tioselectivity of the immobilized lipase increased from
E = 22 to E = 42, while theE-value of free lipase
present in the supernatant decreased to 9. This result
could be explained considering the specific groups
(hydrophilic/hydrophobic) present on the surface of
�-ZrP-BP which selectively immobilize the CRL iso-
forms that have the best enantioselectivity in the hy-
drolysis of (±)-1, while leaving the isoforms that have
the worst enantioselectivity in the supernatant.

Furthermore, the binding of protein and support
seems to be strong because the enantioselectivity of
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Table 7
Enantioselectivity of PT-CRL immobilized on�-ZrP-BP in the
hydrolysis of (±)-methyl-2-(4-chlorophenoxy) propionate (1) in
successive cycles

No. of
cycle

t (h) C (%)a e.e. (2) e.e. (3) Eb

1 2.0 51 85 90 42
2 2.5 50 84 86 37
3 3.0 51 84 88 35
4 4.0 52 82 89 30
5 4.5 47 85 75 27

a Conversion of reaction.
b Enantioselectivity factor[25].

immobilized PT-CRL is similar even after repeated
assays (Table 7).

Finally, Fig. 3 reports the results of a set of exper-
iments designed to study the effect of treating CRL
with propan-2-ol during and after the immobilization
protocol.

c)

b)

a)

E = 42

E = 9

PT-CRLimmob

Support

Propan-2-ol

+

Support

Propan-2-ol

Support

E = 22

E = 4

E = 2

PT-CRL*immob

C-CRLimmob

Propan-2-ol
PT-CRLfreeC-CRLfree

 Propan-2-ol

Fig. 3. The effect of propan-2-ol on the enantioselective properties of free and immobilized enzymes on�-ZrP-BP CRL in the hydrolysis
of (±)-methyl-2-(4-chlorophenoxy) propionate (1).

In the first experiment (a), the immobiliza-
tion of C-CRL on �-ZrP-BP was carried out in
water/propan-2-ol medium for 16 h at 4◦C. The re-
sulting biocomposite was used in the hydrolysis of
(±)-1; anE-value of 9 was obtained.

In the second experiment (b), the immobilization of
C-CRL was carried out as previously described (water,
16 h, 4◦C). The immobilized derivative was treated
with water/propan-2-ol at 4◦C for 6 h and then used
in the hydrolysis of (±)-1. The enantioselectivity in-
creased from 4 to 9.

In the third experiment (c), after the adsorp-
tion of C-CRL onto�-ZrP-BP for 16 h at 4◦C, the
derivative was used in the hydrolysis of (±)-1 in
water/propan-2-ol medium. The reaction was very
slow but the enantioselectivity increased toE = 9.

In all the experiments carried out, theE-value sur-
passed that obtained with the C-CRL derivative im-
mobilized on�-ZrP-BP (E = 4), but the value never
reached that obtained with the immobilized PT-CRL
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(E = 42). These results suggest that the active pro-
tein is quickly immobilized on the support and then
undergoes a structural change due to the effect of
propan-2-ol with a consequent increase of enantiose-
lectivity.

One possible explanation for this behavior is that
the mechanism of immobilization involves the interac-
tion between functional groups present on the surface
of the support and functional groups from amino-acid
residues on the surface of the enzyme far from the ac-
tive site. In this way, the immobilized enzyme prob-
ably undergoes changes at the active site such as the
free enzyme.

4. Conclusions

Layered zirconium phosphates and phosphonates
have been shown to be an interesting new class of sup-
ports for CRL due to their versatility. Exploiting the
surface characteristics of the supports by changing the
nature of the functional groups and their distribution
on the surface and by varying the experimental pa-
rameters such as temperature and time of contact, it
has been possible to immobilize isoenzymes of CRL
which have different catalytic properties.

In a simple and rapid way, we have prepared a
new type of lipase derivatives that are very useful
for catalyzing interesting reactions such as the enan-
tioselective hydrolysis of chlorophenoxy propionates,
compounds that are of great biological interest[24].

The immobilization of PT-CRL on�-ZrP-BP shows
that the enzyme maintains a certain flexibility (less
than that of free enzyme) even after it has been bound
to the support.

The immobilized derivatives can be stored for more
than 1 month at 4◦C without loss of enzymatic ac-
tivity and can be used for several cycles without a
significant decrease in the enantioselectivity of the
biocatalyst.

Acknowledgements

The Ministero dell’Università e della Ricerca Sci-
entifica e Tecnologica (MURST) and Università degli
Studi di Perugia (COFIN 2002, Prot. No. 2001038157)
are thanked for financial support.

References

[1] K. Mosbach, Immobilized Enzymes and Cells, Methods of
Enzymology, vol. 137, Academic Press, San Diego, CA, 1988.

[2] W. Tisher, F. Wedekind, Immobilized enzymes: methods and
applications, Top. Curr. Chem. 200 (1999) 95–126.

[3] I. Hamachi, A. Fujita, T. Kunitake, J. Am. Chem. Soc. 116
(1994) 8811.

[4] J.A. Bosley, J.C. Clayton, Biotechnol. Bioeng. 43 (1994) 934.
[5] E. Santaniello, P. Ferraboschi, P. Grisenti, A. Manzocchi,

Chem. Rev. 92 (1992) 1071.
[6] A. Cipiciani, F. Bellezza, F. Fringuelli, M.G. Silvestrini,

Tetrahedron Asymm. 12 (2001) 2277.
[7] A. Cipiciani, F. Bellezza, F. Fringuelli, M. Stillitano,

Tetrahedron Asymm. 10 (1999) 4599.
[8] A.E. Ivanov, M.P. Schneider, J. Mol. Catal. B: Enzymol. 2

(1997) 177.
[9] F. Bellezza, A. Cipiciani, U. Costantino, M.E. Negozio,

Langmuir 18 (2002) 8737.
[10] M. Lotti, A. Tramontano, S. Longhi, F. Fusetti, S. Brocca,

E. Pizzi, L. Alberghino, Prot. Eng. 2 (1994) 531.
[11] K. Lundell, T. Rajiola, L.T. Kanerva, Enzyme Microb.

Technol. 22 (1998) 86.
[12] A. Bastida, P. Sabuquillo, P. Armisen, R. Fernandez-Lafuente,

J. Huguet, J.M. Guisan, Biotechnol. Bioeng. 58 (1998) 486.
[13] M. Pregnolato, M. Terreni, I.E. De Fuentes, A.R. Alcantara

Leon, P. Sabuquillo, R. Fernandez-Lafuente, J.M. Guisan, J.
Mol. Catal. B: Enzymol. 11 (2001) 757.

[14] P. Sabuquillo, J. Reina, G. Fernandez-Lorente, J.M. Guisan,
R. Fernandez-Lafuente, Biochim. Biophys. Acta 1388 (1998)
337.

[15] G. Alberti, M. Casciola, U. Costantino, R. Vivani, Adv. Mater.
8 (1996) 291.

[16] A. Clearfield, In: K.D. Karlin (Ed.), Metal Phosphonate
Chemistry, Progress in Inorganic Chemistry, vol. 47, J. Wiley,
New York, 1998, p. 371.

[17] A. Cipiciani, M. Cittadini, F. Fringuelli, Tetrahedron Asymm.
54 (1998) 7883.

[18] G. Alberti, U. Costantino, J. Kornyei, M.L. Luciani, React.
Polym. 4 (1985) 1.

[19] M. Bradford, Anal. Biochem. 72 (1976) 248.
[20] I.E. De Fuentes, C.A. Viseras, D. Ubiali, M. Terreni, A.R.

Alcantara, J. Mol. Catal. B: Enzymol. 11 (2001) 657.
[21] M.Y. Arica, Y. Kacar, A. Ergene, A. Denizli, Process

Biochem. 36 (2001) 847.
[22] G. Fernandez-Lorente, R. Fernandez-Lafuente, J.M. Palomo,

C. Mateo, A. Bastida, J. Coca, T. Haramboure, O. Hernandez-
Justiz, M. Terreni, J.M. Guisan, J. Mol. Catal. B: Enzymol.
11 (2001) 649.

[23] G. Fernandez-Lorente, M. Terreni, C. Mateo, A. Bastida, R.
Fernandez-Lafuente, P. Dalmases, J. Huguet, J.M. Guisan,
Enzyme Microb. Technol. 28 (2001) 389.

[24] C.R. Worthing (Ed.), The Pesticide Manual, sixth ed., BCPC
Publication, London, 1979, p. 329.

[25] C.S. Chen, Y. Fujimoto, G. Girdaukas, C.J. Sih, J. Am. Chem.
Soc. 104 (1982) 7294.


	Esterase activity of biocomposites constituted by lipases adsorbed on layered zirconium phosphate and phosphonates: selective adsorption of different enzyme isoforms
	Introduction
	Experimental
	General
	Preparation of the supports
	Preparation of C-CRL and PT-CRL solutions
	Protein assay of CRL solutions
	Free CRL activity assay
	CRL immobilization
	Hydrolysis of ()-methyl-2-(4-chlorophenoxy) propionate (1) in water in the presence of free C-CRL
	Hydrolysis of ()-methyl-2-(4-chlorophenoxy) propionate (1) in water in the presence of free PT-CRL
	Hydrolysis of ()-methyl-2-(4-chlorophenoxy) propionate (1) in water in the presence of immobilized C-CRL or PT-CRL
	Repeated hydrolysis of ()-methyl-2-(4-chlorophenoxy) propionate (1) in water in the presence of PT-CRL immobilized on alpha-ZrP-BP

	Results and discussion
	Immobilization of C-CRL on different zirconium phosphates and phosphonates: effect of the hydrophobic/hydrophilic character of the support
	Immobilization of C-CRL on alpha-ZrP-BP at different equilibration times
	Immobilization of C-CRL on alpha-ZrP-BP at different temperatures
	Effect of CRL purification on the immobilization onto different zirconium phosphates and phosphonates
	Effect of selective adsorption on different zirconium phosphates and phosphonates on the stereoselective properties of CRL

	Conclusions
	Acknowledgements
	References


