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Abstract

Neutral B-galactosidases (from E. coli and K. lactis) were bound to glutaraldehyde-agarose (Glut-agarose) through
amino groups, and to thiolsulfinate-agarose (TSI-agarose) through thiol groups. In general, TSI-gels exhibited higher yields
after immobilization (60—85%) than Glut-gels (36—40%). The kinetic parameters of the enzymes bound to TSI-gels
(particularly those with lower concentration of active groups) were less affected than those of the Glut-gels. This might
indicate that the binding to TSI-agarose is more conservative of the protein conformation. However, the Glut-derivatives
exhibited in general better thermal and solvent stabilities than TSI-derivatives. The stability of the derivatives was studied in
the presence of ethanol, dioxane and acetone (18% v /v). The stabilization of the immobilized enzymes, for some of the
solvents assayed, was evidenced by the existence of final very stable enzyme states with high residual activities, thus
allowing the utilization of the derivatives in the presence of organic cosolvents. © 2001 Elsevier Science B.V. All rights

reserved.
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1. Introduction

B-Galactosidases from different sources are cur-
rently used in the production of lactose-hydrolyzed
milk for lactose intolerant people and in carbo-
hydrate synthetic chemistry [1]. While chemica syn-
thesis of carbohydrates and glycoconjugates requires
skilful and selective protection and deprotection re-
actions, enzymatic processes can provide regio- and
stereo-selective products in one step under mild con-
ditions [2]. However, due to their complex molecular
structure, biocatalysts are intrinsically unstable. Be-
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sides, many applications demand the use of enzymes
in reaction mixtures containing organic cosolvents
that challenge the stability of the biocatalysts [3].
Therefore, enzyme stability is a key parameter that
limits their industrial application [4].

To improve protein stability, several approaches
have been developed: the use of stahilizing additives,
immobilization, site directed mutagenesis, chemical
modification, crosslinking with bifunctional reagents,
and the selection of enzymes from thermophilic or-
ganisms [4—6]. Immobilization onto solid carriers is
perhaps the most used strategy to improve the opera-
tional stability of biocatalysts, other benefits being
obtained as well, like better operational control, flex-
ibility of reactor design, and ease of product recov-
ery without catalyst contamination [7,8].
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When the effects of enzyme immobilization on
the properties of biocatalysts are investigated, a de-
tailed study of the enzyme kinetic properties should
be performed. To assess the impact of immobiliza-
tion on enzyme stahility, it is necessary to character-
ize its deactivation kinetics [5]. The kinetics of en-
zyme inactivations can be described assuming the
existence of partialy deactivated states (E; and E,)
with nonzero specific activity. The initial state E has
a certain specific activity and, if the final stateis E,,
we have the following equation

kl k2
£ Ef S g (1)

Where k, and k, are first-order deactivation velocity
coefficients. A weighed-average activity expression
has been derived for a non-zero specific activity for
the final state E,

A=[100+ (a;k;/(k, —k;))
—(azky/(ky = ky))|exp( —Kit)
= (ky/ (k= ky) ) (@ — a3)
xexp( —kyt) + a, (2)

The parameter «, is the percentage of the specific
activity of the enzyme state E; with respect to the
enzyme state E [(E,;/E)*100] while «, is the
corresponding percentage of the specific activity of
E, with respect to the specific activity of E
[(E,/E)+100] [9].

With k, =0 Eq. (1) reduces to Eq. (3)

Ky
E—E™ (3
Then, the activity-time expression (2) reduces to:
A= (100 — a;)exp( —kit) + a; (4)

This is a single-step inactivation which leads to a
final state with some residual activity. The enzyme
state E, is very stable and does not unfold or
inactivate to another enzyme state. Since the final
state E, has some residual activity, this is a possible
mechanism to describe enzyme activity stabilization
[10]. When the value of «, is zero, we have the
classical one-step process in which the initialy ac-

tive enzyme state E deactivates to a fully inactive
state with zero specific activity, Ej.
B-Galactosidases have been immobilized by sev-
eral methods to a variety of supports [11,12]. The
properties of the derivatives obtained strongly de-
pend on the coupling chemistry and support used. In
this work, we have studied the influence of the
coupling chemistry on severa important character-
istics of the biocatalysts obtained: kinetic parameters,
stability towards the addition of organic cosolvents
and thermal stability. We have selected two coupling
chemistries: one based on the reaction of the protein
amino groups with aldehyde moieties and the second
on the reaction between the protein’s thiol groups
with disulfide oxide reactive structures on the agarose
gel [13,14]. The glutaraldehyde-based chemistry is a
very traditional and effective method for immobiliza-
tion and stabilization [13]. The second method is
interesting because even though a covalent bond is
formed between enzyme and the matrix, this bond is
of disulfide type and can be broken by reaction with
reducing agents such as DTT. This fact makes it
possible to elute the enzyme when the activity has
decayed after use, regenerate the reactive groups on
the support, and re-load it with fresh enzyme [14].

2. Materials and methods

B-Galactosidase (B-pD-galactoside galactohydro-
lase; EC 3.2.1.23) grade VI from E. coli, epichloro-
hydrine (1-chloro2,3-epoxy propane), dithiothreitol
(DTT), 2,2~ dipyridyl disulfide (2PDS), reduced glu-
tathione, glycidol (2,3 epoxypropanol), sodium peri-
odate, ethylendiamine, 50% glutaraldehyde, o-nitro-
phenyl-B-p-galactopyranoside (ONPG), acetone,
ethanol, dioxane and DEAE-Sepharose CL-6B were
purchased from Sigma (St. Louis, MO, USA). Maxi-
lact LX 5000, a liquid preparation of yeast lactase
derived from K. lactis, was kindly supplied by Gist
Brocades Food Ingredients (Seclin, Cedex, France).
Sepharose 4B was supplied by Pharmacia Biotech-
nology (Uppsala, Sweden). BCA protein assay
reagents were from Pierce (Rockford, IL, USA).
Magnesium monoperoxyphtalate was from Fluka
(Buchs, Switzerland). All other chemicals used were
reagent or analytical grades.
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2.1. Matrix activation

2.1.1. Synthesis of thiolsulfinate-agarose

Thiolsulfinate agarose (TSI-gel) containing 2 and
20 pmol TSI /g of suction dried gel (TSI 2 and TSI
20) was prepared as described previously by
Batista-Viera et al. [14].

2.1.2. Synthesis of glutaraldehyde-agarose

Glutaraldehyde agarose (Glut-gel) containing 23
and 90 n.mol glutaraldehyde/g of suction dried gel
(Glut 23 and Glut 90) was prepared as described
previously by Guisan et al. [13].

2.2. Protein assay

Protein content of E. coli B-gaactosidase was
determined by using the absorbance value at 280 nm
and an extinction coefficient of 2.09 for 1 mg,/ml of
protein. For the K. lactis B-galactosidase, protein
was estimated by the bicinchoninic acid (BCA) assay
[12]. Immobilized protein was determined as the
difference between the amount of protein added to
the gel and the protein recovered in the supernatant
and washing fractions.

Soluble protein was expressed as mg of
protein/ml. Immobilized protein was expressed as
mg of protein/g of suction dried gel.

2.3. Enzyme activity

The activity of B-galactosidase was assayed at
room temperature and using the chromogen ONPG
as substrate. A suitably diluted K. lactis enzyme
solution was added to 20 mM ONPG in 20 mM
potassium phosphate buffer, pH 7.0, containing 0.1
M KCl and 2 mM MgCl, (K. lactis activity buffer).
For the E. coli B-galactosidase the enzyme solution
was assayed using 10 mM ONPG in 50 mM sodium
phosphate buffer, pH 7.5, containing 3 mM MgCl,
(E. coli activity buffer). The rate of formation of
free o-nitrophenol (ONP) was recorded spectropho-
tometrically using a 1-cm path length cuvette pro-
vided with magnetic stirring. One unit of enzyme
activity (EU) was defined as the amount of enzyme
hydrolyzing 1 wmol of substrate per minute in the
conditions defined above. Extinction coefficients of

20x10° Mt em !t and 3.5x 103 M~ em™? for
ONP were used for pH 7.0 and pH 7.5, respectively.
For the immobilized enzyme, activity was measured
under identical conditions by incubating appropriate
aliquots of the gel suspensions with the substrate
solution mentioned above.

Enzymatic activity was expressed as EU /ml for
the soluble enzyme. The gel bound activity was
measured directly in the derivative and it was ex-
pressed as EU /g of suction dried gel. The specific
activity (Sp. Activity) was defined (i) as the ratio
between the activity expressed in EU/ml and the
concentration in mg of protein/ml, for the soluble
enzyme; (ii) as the ratio between the activity ex-
pressed in EU /g of suction dried gel and the concen-
tration of immobilized protein in mg/g of suction
dried gel, for the immobilized enzyme.

2.4. Reduction of the K. lactis enzyme

The B-galactosidase from K. lactis was reduced
by the method reported by Ovsgjevi et al. [15]. One
milliliter of B-galactosidase (Maxilact LX 5000, 24.5
mg,/ml, 2426 EU/ml) was incubated for 30 min
with 1 ml of 200 mM DTT in 20 mM potassium
phosphate, pH 8.0. Excess reducing agent was re-
moved by gel filtration on a Sephadex G-25 column
(PD-10).

The thiol content of the enzyme was determined
spectrophotometrically, before and after the reduc-
tion process, by titration with 2PDS dissolved in 0.1
M sodium phosphate, pH 8.0, by the method of
Brocklehurst et a. [16].

2.5. Immobilization of B-galactosidase onto TS-gel

Aliquots of 1 g suction dried TSI 2 or TSI 20
were incubated with: (i) 10 ml of reduced K. lactis
B-galactosidase solution (0.41 mg,/ml, 43.0 EU /ml)
in 0.1 M potassium phosphate buffer, pH 7.0; and
(ii) 2.3 ml of E. coli B-galactosidase solution (0.89
mg,/ml and 62 EU/ml) in 0.1 M sodium phosphate
buffer, pH 7.0, containing 3 mM MgCl,. The sus-
pensions were gently agitated at room temperature
overnight. Then they were washed in a sintered glass
filter with: 0.1 M potassium phosphate, pH 7.0, for
the K. lactis enzyme; and 0.1 M sodium phosphate,
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pH 7.0, containing 3 mM MgCl,, for the E. coli
enzyme. After this, the p-galactosidase derivative
(TSI 2 and TSI 20) were, respectively, incubated
with 0.15 mM and 1.5 mM of reduced glutathione in
the corresponding activity buffer for 30 min at room
temperature. Then they were washed with activity
buffer and stored at 4°C.

2.6. Immobilization of B-galactosidase onto glu-
taraldehyde-agarose

Aliquots of 1 g of suction dried Glut 23 and Glut
90 gels were incubated with: (i) 10 ml of K. lactis
B-galactosidase solution (0.48 mg,/ml, 50.2 EU /ml)
in K. lactis activity buffer; and (ii) 4 ml of E. coli
B-galactosidase solution (0.89 mg/ml and 62
EU/ml) in E. coli activity buffer. The suspensions
were gently agitated at room temperature for 24 h.
Then they were washed in a sintered glass filter with
the corresponding activity buffer and equilibrated in
40 mM potassium carbonate buffer, pH 10.0, con-
taining 0.1 M KCI and 2 mM MgCI,, for K. lactis
B-galactosidase; and in 20 mM sodium carbonate,
pH 10.0, containing 3 mM MgCl, for E. coli -
galactosidase. Each derivative was suspended in 1
mg,/ml sodium borohydride solution in the corre-
sponding carbonate buffer, in a ratio of 1 g of
suction dried gel: 14 ml of total volume. The mix-
tures were gently stirred for 30 min at room tempera-
ture. Then they were washed with activity buffer and
stored at 4°C.

2.7. Determination of kinetic parameters (K,, and
Vmax)

The kinetic parameters were determined using
varying concentrations of ONPG: 0.16 to 20 mM for
K. lactis enzyme and 0.12 to 10 mM for E. coli
enzyme, in the corresponding activity buffer. The
Ky and the V,, were determined by the direct
linear plot method [17,18].

2.8. Preparation of soluble enzyme extracts for ther-
mal and solvent stabilities

For the K. lactis enzyme: 3 g of DEAE-Sep-
harose CL-6B were equilibrated with 50 mM potas-

sium phosphate buffer, pH 7.0, containing 2 mM
MgCl,. An diquot of 5 ml of K. lactis 3-galacto-
sidase (243 EU /ml, 2.4 mg/ml) was incubated with
the DEAE-Sepharose for 1 h. The DEAE- Sepharose
with the adsorbed B-galactosidase was filtered, the
supernatant was discarded and the gel was washed
with: (i) 20 ml of 50 mM potassium phosphate
buffer, pH 7.0, containing 2 mM MgCl,; and (ii) 20
ml of 50 mM potassium phosphate, pH 7.0, contain-
ing 2 mM MgCl, and 50 mM KCl, in fractions of 2
ml. Then the DEAE-Sepharose with the adsorbed
B-galactosidase was packed in a column (16 mm
diameter) and the protein was eluted with 6 ml of 20
mM potassium phosphate, pH 7.0, containing 2 mM
MgCl, and 0.3 M KCI. The eluate was collected in 2
ml fractions and checked for activity and proteins.
The fractions with best specific activity were used
for the thermal and solvent stability experiments.
The DEAE-Sepharose was regenerated with 50 mM
potassium phosphate, pH 7.0, containing 2 mM
MgCl,.

The E. coli enzymewas gel filtered on a Sephadex
G-25 column (PD-10).

2.9. Temperature stability

Aliquots of 2 ml of gel suspensions in the corre-
sponding activity buffer, containing 0.12 mg of pro-
tein/ml of suspension, were incubated at 45°C for
the K. lactis B-galactosidase and 53°C for the E. coli
B-galactosidase under gentle stirring. Aliquots were
taken at regular intervals, brought to room tempera-
ture, and the residual activity was determined. Solu-
ble enzyme solutions containing equivalents amounts
of protein were treated in the same way.

2.10. Sability towards organic solvents

Aliquots of 1.64 ml of gel suspensions in the
corresponding activity buffer, containing 13 EU /ml
for the K. lactis derivatives and 9 EU /ml for the E.
coli derivatives, were incubated with 0.36 ml of the
organic solvents at 30°C (final cosolvent concentra-
tion: 18% v /v). At intervals, samples were taken for
activity determination and the residual activity was
plotted against time of exposure. Soluble enzyme
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solutions containing equivalent amount of EU/ml
were treated in the same way. The solvents used
were: ethanol, acetone and dioxane.

The experiments were performed in triplicate.

3. Results

3.1. Immobilization of B-galactosidases

The coupling chemistries used for the immobiliza-
tion of B-galactosidases to agarose gels were based
on the reaction with glutaraldehyde and thiolsulfinate
gel bound groups. The results of the protein and
activity immobilization yields are shown in Table 1.

In the case of K. lactis B-gaactosidase-
derivatives, increasing the number of reactive glu-
taraldehyde groups from 23 to 90 wmol /g of suction
dried gel allowed to achieve a better protein immobi-
lization yield (from 63% to 83%, Table 1a). For
both, Glut 23 and Glut 90 nonreduced derivatives,
immobilization was attained expressing approxi-
mately 60% of the applied activity. However, the
reducing treatment necessary to block excess reac-

Table 1

601

tive groups on the gel led to a 30%—40% decrease in
gel bound activity. Changing the reaction time from
24 to 5 h did not affect the protein or activity yields
upon immobilization.

The degree of activation of the matrix with TS|
groups was a very important parameter for the im-
mobilization of K. lactis B-galactosidase. In this
case, by increasing the number of reactive groups
from 2 to 20 pmol /g of suction dried gel, the
protein immobilization yield improved from 16% to
61% with a concomitant gain in the activity yield
from 12% to 60%.

The E. coli Glut 90-derivative was very similar to
the corresponding K. lactis Glut 90 with respect to
protein and activity immobilization yields (Table 1).
The gel-bound activity of the E. coli B-galactosidase
bound to TSl-agarose was higher than the corre-
sponding values for the K. lactis enzyme. For the E.
coli TSI derivatives increasing the number of reac-
tive groups from 2 to 20 pwmol /g of suction dried
only attained a minor increment in activity immobi-
lization yield from 75% to 85%. Interestingly, the
TSI gels displayed high selectivity towards the E.
coli enzyme and, therefore, the immobilization pro-
ceeded with a concomitant purification. The specific

Immobilization of B-galactosidase (E. coli and K. lactis) on thiolsulfinate-agarose and glutaral dehyde-agarose

Gel Reaction Reduction Gel-bound protein Gel-bound activity Gel-bound Kwu Vinax
time treatment mg,/g gel (%) EU /g gel (%)P Sp. Activity (mM) (pmol ONP/
(h (EU,/mg) min mg)

(a) K. lactis-B-galactosidase derivatives

Glut 23 24 No 2.8 63 298 64 106 7.6 62

Glut 23 24 Yes 2.8 63 178 38 64 52 49

Glut 90 24 No 43 83 281 57 65 4.6 40

Glut 90 24 Yes 4.3 83 197 40 46 35 37

Glut 90 5 Yes 37 81 177 36 48 35 32

TSI 2 24 - 0.6 16 51 12 85 2.3 72

TSI 20 24 - 2.0 61 217 60 109 4.9 88

(b) E. coli B-galactosidase derivatives

Glut 90 24 Yes 23 78 91 39 40 22 70

TSI 2 24 - 0.7 29 75 75 94 0.4 64

TSI 20 24 - 0.8 46 130 85 150 0.8 105

Soluble enzyme (K. lactis): specific activity: 99 EU/mg, K,,: 2.0 mM, V,.: 91 pmol ONP/min mg.

Soluble enzyme (E. coli): specific activity: 70 EU/mg, K,,: 0.13 mM, V,,,: 84 pwmol ONP/min mg.

The results are expressed in mg of protein or EU per gram of suction dried gel.
“Amount of immobilized protein as percentage of the amount of applied protein (protein immobilization yield).
PAmount of immobilized activity as percentage of the amount of applied activity (activity immobilization yield).
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activity of the immobilized enzyme was increased by
factors of 1.3 and 2.1 for TSI 2 and TSI 20, respec-
tively.

In general, TSI-gels exhibited a higher percentage
of gel-bound activity (60%-85%) than glutaralde-
hyde-gels (40%). Moreover, the immobilization of
B-galactosidases onto glutaraldehyde-agarose re-
sulted in an inactivation of the enzyme, which is
reflected in the decrease of the specific activity of
the derivatives (1.5- to 2.1-fold for the reduced
derivatives).

The kinetic parameters of the enzymes bound to
TSl-gels and particularly to the gels with lower
concentration of active groups were less affected
than those bound to glutaraldehyde-gels, compared
to the soluble enzymes.

3.2. Thermal stability

The results of the thermal inactivation parameters
of the B-gal actosidase biocatalysts are shown in Table
2. The thermal deactivation curves of the soluble and
immobilized enzyme derivatives were analyzed ac-
cording to the two-step deactivation model proposed
by Henley and Sadana [9]. The experimental plots of
residual activity versus time at a fixed temperature
were adjusted to exponential decays, simple or dou-

ble, with or without offset (Egs. 2 and 4) with the
help of the Enzfitter program. From the data adjusted
to Eq. (2), we calculated the parameters: ki, k,, @,
a, and the half-life of the biocatalysts.

The half-life of the soluble K. lactis enzyme was
0.4 h at 45°C and as shown by the increased half life
times and the higher value of the parameter o,
(Table 2), al the immobilized derivatives showed
some degree of stabilization. The thermal deactiva-
tion parameters of both glutaraldehyde derivatives
(24 h reaction time, reduced) were very similar to
each other, both of them presented «; values close
to 50% with k, values of zero. The reduction pro-
cess was necessary to increase the value of «; (from
21% to 50-53%). The reaction time also plays an
important role in enzyme stability; a change from 24
to 5 h decreases the value of «, from 53% to 27%.
Therefore, we selected the Glut 90-derivative synthe-
sized by 24 h of incubation time and subsequent
reduction to continue with the characterization of the
derivatives. Even though the half-life of the TSI
20-derivative is lower than that of the TSI 2-deriva
tive, the former has a higher «, and, thus, is more
stable from that point of view. We, therefore, se-
lected the TSI 20-derivative for further studies on the
basis of its higher activity and thermal stability.

In the case of the E. coli derivatives, immobiliza-
tion also had a positive effect on thermal stability
(Table 2). The Glut 90-derivative presented the best

Table 2

Thermal deactivation parameters from K. lactis and E. coli B-galactosidase derivatives at 45°C and 53°C, respectively
Reation Reduction k, (h™1) k, (™1 a; a, t1/2(n)
time (h) treatment

K. lactis derivatives

Soluble enzyme - - 24 0 13 0 04

Glut 23 24 No 11 0 21 0 0.9

Glut 23 24 Yes 19 0 50 0 -

Glut 90 24 No 13 0 21 0 0.8

Glut 90 24 Yes 25 0 53 0 -

Glut 90 5 Yes 34 0 27 0 0.5

TSI 2 24 - 0.5 0 15 0 238

TSl 20 24 - 11 0 30 0 12

E. coli derivatives

Soluble enzyme - - 20.7 0.60 58 0 0.3

Glut 90 24 Yes 15.2 0.48 77 0 09

TSI 20 24 - 181 0.53 66 0 0.4
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Table 3
Deactivation parameters from K. lactis 3-galactosidase derivatives in cosolvents systems
Cosolvent Derivative k, (h™1) k, (h™b a, a, t1/2(h)
Buffer Soluble 7.6x107°3 0 0 0 91

TSI 20 81x1073 0 0 0 86

Glut 90 51x1073 0 0 0 137
Ethanol 18% Soluble 81x107% 0 0 0 87

TSI 20 72x1073 0 0 0 97

Glut 90 41x1072 0 49 0 86
Dioxane 18% Soluble 1.0x 1071 0 0 0 7

TSI 20 1.3x 107! 0 0 0 5

Glut 90 12 5.8x 1072 76 0 8
Acetone 18% Soluble 2.6x1072 0 0 0 26

TSI 20 27x107t 0 43 0 8

Glut 90 14x 107! 0 46 0 19

thermal stability both from the point of view of the
half-life time and the deactivation constants k, and
K.

3.3. Deactivation in the presence of organic cosol-
vents

Tables 3 and 4 show the parameters that charac-
terize the deactivation of the different K. lactis and
E. coli biocatalystsin the presence of organic cosol-
vents.

In buffer at 30°C, the deactivation kinetics of both
the immobilized and soluble enzyme followed a

single exponential decay which corresponds to the
classical first order deactivation process with «;, = 0,
a, =0, and k, = 0. The stabilizing effect of immo-
bilization at 30°C was stronger for the E. coli en-
zyme as evidenced by the increase in the half-life of
both derivatives in buffer (8.5-fold for Glut 90 and
4-fold for TSI 20) and by the decrease in the deacti-
vation constant k, (Tables 3 and 4). In general, all
the cosolvents tested had a deleterious effect on the
stability of the soluble and immobilized derivatives
compared to their performance in buffer.

The deactivation kinetics of K. lactis biocatalysts
in the presence of ethanol 18% (v /v) are similar to
those observed in buffer (Table 3). An exception to

Table 4

Deactivation parameters from E. coli B-galactosidase derivatives in cosolvent systems

Cosolvent Derivative k, (W™D k, (h™1) a; a, t1/2(h)

> Buffer Soluble 12x10°8 0 0 0 590
TSI 20 30x107* 0 0 0 2300
Glut 90 14x10"4 0 0 0 5000

Ethanol 18% Soluble 5.2 82x 1073 87 0 55
TSI 20 3.6x1072 0 54 0 -
Glut 90 3.2x107? 0 73 0 -

> Dioxane 18% Soluble 14x 107! 0 27 0 8
TSI 20 24x 1071 0 0 0 3
Glut 90 71x1073 0 0 0 100

Acetone 18% Soluble 6.7 X 1072 0 76 0 -
TSI 20 19x 107t 0 42 0 11
Glut 90 8.0x 1073 0 22 0 130
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this was the Glut 90-derivative which changed from
afirst-order deactivation kinetics to a biphasic mech-
anism with a stable state E, exhibiting a residual
activity o, = 49%. The high value of «, evidences
the stabilization achieved by the Glut 90-derivative.

Dioxane 18% (v/v) had a strong detrimental
effect on the stability of K. lactis B-galactosidase
and, in this case, it was not possible to observe any
stabilizing effect of immobilization.

The incubation of the soluble 3-galactosidase with
acetone 18% (v/v) presented a single exponential
decay with a haf-life time of 26 h, which is signifi-
cantly lower than the corresponding value in buffer.
The inactivation kinetics of both immobilized deriva
tives changed to a mechanism of single exponential
decay with offset (Table 3, Fig. 1). The stabilization
of the Glut 90 and TSI 20 derivatives is, therefore,
shown by the value of «; (46% and 43%, respec-
tively).

Upon exposure of the soluble E. coli B-galacto-
sidase to 18% (v/v) ethanol, the enzyme changed
from first-order inactivation decay shown in buffer
to a biphasic mechanism (Table 4, Fig. 2). However,
the highly active intermediate state E, rapidly de-
cays to the fully deactivated E, state and, thus, the
half-life of the enzyme is decreased by a factor of 11
with respect to the corresponding value in buffer.
The immobilization had a strong stabilizing effect

100

80

@
k=3

% Residual activity
»
o

20

0 20 40 60 80 100
Time (h)

Fig. 1. Stability towards acetone 18% (v/v) for K. lactis B-
galactosidase: @ Soluble enzyme; a TS| 20-derivative; B Glut
90-derivative.

80

-
=3

% Residual activity

'S
=)

20

0 40 80 120 160 200 240
Time (h)

Fig. 2. Stability towards ethanol 18% (v /v) for E. coli B-galacto-
sidase: @ Soluble enzyme; a TS| 20-derivative; B Glut 90-de-
rivative.

for both the Glut 90 and TSI 20 derivatives as shown
by the existence of the very stable intermediate state
E, with high residual activity (73% for Glut 90 and
54% for TSI 20) (Fig. 2).

The incubation of soluble enzyme with dioxane
18% (v/v) promoted a change of its deactivation
kinetics with respect to the behavior in buffer; a
stable state E, with a residua activity «, was
established (a; = 27%). Even though both enzyme
derivatives presented an «, value of 0, immobiliza-
tion on Glut 90 improved the stability of the enzyme
owing to the lower value of k, (20-fold lower than
for the soluble enzyme). The stabilization of the Glut
90-derivative was also shown by the increase of the
half-life from 8 to 100 h.

The analysis of the data in acetone 18% (v /v)
shows a change in the deactivation kinetics from a
single exponential decay in buffer to a mechanism
with a stable state E;. In this case the, soluble
enzyme was very stable due to its high value of «;
(76%); the activity of the E, states was lower for
both immoabilized derivatives.

4, Discussion

The effect of the coupling method on the proper-
ties of the different B-galactosidase biocatalysts has
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been evaluated through the determination of protein
and activity yields, the kinetic parameters K,, and
Viax: 8 well as the thermal stability. In order to
study the possible application of the derivatives for
synthetic chemistry, the inactivation parameters in
the presence of several water-soluble organic sol-
vents was characterized. Enzyme stabilization has
been defined in different terms. The determination of
half-life time under certain conditions is often cho-
sen, since it provides useful information about resid-
ual activity regarding their applications. In our case,
we refer to enhanced enzyme stability as a decrease
in the deactivation parameters k; and k, (and a
corresponding increase in haf life) or as an increase
in enzyme residua activity «;.

The coupling chemistry has been shown to be an
important parameter determining the properties of
immobilized B-galactosidases from K. lactis and E.
coli (Table 1). The higher activity immobilization
yield obtained for the TSI derivatives is most likely
the result of the mild conditions used throughout this
immobilization procedure. For the case of the Glut-
derivatives, the high pH values during the reducing
treatment negatively affected the gel-bound activity
and the V,,,,, values. However, this decrease is offset
by againin thermal stability (Table 2), therefore, the
reducing treatment should not be avoided.

Immobilization often leads to an important in-
crease in K,, values with respect to those of the
soluble enzymes. In the case of the K. lactis enzyme,
the higher K,, vaues are observed for the higher
gel-bound activity, probably indicating the contribu-
tion of diffusional limitations on substrate and prod-
ucts. The Glut 90 E. coli derivative has a high K,
value together with a low V,,, which could be due
to a conformational change among other factors. The
kinetic parameters of TSl derivatives are less af-
fected than those of the Glut derivatives for both
enzymes studied. This may indicate that protein con-
formation is better preserved when bound to the TSI
than to the Glut gels. However, in genera the ther-
mal stability of the Glut-derivativesis better than the
stability of the corresponding TSI-derivatives, so this
is again a situation in which some activity is lost in
favor of an increased stability. The better stability of
the Glut derivatives may be due to the fact that
glutaraldehyde is known to polymerize and, thus, is
prone to introduce a number of cross links between

the abundant lysyl groups on the enzymes and the
aldehyde moieties on the matrix [19]. The introduc-
tion of cross links leads to a rigidification of the
tertiary structure and this is recognized as a general
mechanism for stabilization of the native conforma-
tion [9]. Native soluble E. coli 3-galactosidase with-
stands higher temperatures than the enzyme from K.
lactis but it was more difficult to stabilize by immo-
bilization by both the procedures used. The fact that
the enzyme from E. coli is tetrameric and the one
from K. lactis is dimeric may account for this
Situation because it is very unlikely that al the
subunits of a tetrameric enzyme will bind to the
matrix.

The use of enzymes in reaction mixtures contain-
ing organic cosolvents for industrial processes is a
very active field of research. Organic cosolvents are
used to shift equilibrium towards the synthetic pro-
cess instead of hydrolysis and to dissolve substrates.
Nonpolar organic solvents are poor solvents for polar
substrates such as carbohydrates. On the other hand,
polar organic solvents are usualy very aggressive
and enzymatic inactivation increases with the polar-
ity of the solvent. Therefore, the stability of biocata
lysts is a key parameter that limits their industrial
application, and enzyme stabilization is a central
issue of biotechnology [4].

Upon incubation with organic cosolvents the na-
tive soluble K. lactis enzyme exhibits single expo-
nential decay with no residual activity and this be-
havior changed for most of the immobilized deriva-
tives (Table 3). In 18% (v/v) ethanol, stabilization
was evidenced by the existence of a high residua
activity «, for the Glut 90-derivative and a de-
creased value of k; for the TSI 20-derivative. Al-
though the half-life time is longer for the TSI 20-de-
rivative, the Glut 90-derivative should be preferred
for use in the presence of 18% (v/v) ethanol due to
the high activity and stability of the enzyme state E,
(a;=49%, k,=0). Use of 18% (v/v) acetone
should also be acceptable with both derivatives since
again the intermediate state E, is highly active and
stable (Table 3, Fig. 1).

The native soluble E. coli enzyme is in general
more stable to solvents than the one from K. lactis,
however, it proved to be more difficult to stabilize
(Table 4, Fig. 2). Also for the E. coli biocatalysts,
Glut 90-derivative is more stable than the TSI 20-de-
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rivative and due to this it should be feasible to use
them in the presence of the cosolvents studied.

It is interesting to note that of the three solvents
studied, dioxane was the most aggressive and it was
the only one in the presence of which there was no
stable residual enzyme activity for the immobilized
biocatalysts. Nevertheless, the haf-life of the E coli
Glut derivative was increased 12-fold when com-
pared to the soluble enzyme.

5. Conclusions

The first-order deactivation kinetics may be at-
tributed to the occurrence of a single lethal event or
“single hit” and it implies a highly cooperative
transition between the active and the denatured state.
The change from this behavior to more complex
kinetics involving a higher number of parameters
may be interpreted as an indication of enzyme stabi-
lization. Most of our experimental data fitted well to
a two-phase series mechanism Finally, though TSI
derivatives had a higher yield of immobilization,
Glut derivatives exhibited better thermal and solvent
stability properties, which make them more suitable
for biocatalysis under aggressive conditions. This
highlights the relevance of the immobilization chem-
istry for application-oriented design of biocatalysts.
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