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Abstract The stability of the mixed enzyme preparation Naringinase from Penicillium
decumbens was studied in dependence of the temperature, the pH value, and the enzyme
concentration by means of response surface methodology. Deactivation Kkinetics by
formation of an intermediate state was proposed for fitting deactivation data. Empirical
models could then be constructed for prediction of deactivation rate constants, specific
activity of intermediate state, and half-life values under different incubation conditions.
From this study, it can be concluded that (1) Naringinase is most stable in the pH range of
4.5-5.0, being quite sensitive to lower pHs (<3.5) and (2) the glyco-enzyme is a rather
thermo-stable enzyme preserving its initial activity for long times when incubated at its
optimal pH up to temperatures of 65 °C. Enriched x-L-rhamnosidase after column treatment
and ultrafiltration presented similar deactivation kinetics pattern and half-life values as the
unpurified enzyme. Thus, any influence of low molecular weight substances on its
deactivation is most probably negligible. The intermediate state of the enzyme may
correspond to unfolding and self-digestion of its carbohydrate portion, lowering its activity
relative to the initial state. The digestion- and unfolding-grade of this intermediate state may
also be controlled by the pH and temperature of incubation.
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Introduction

Naringinase is an enzyme complex consisting of «-L-rhamnosidase (EC 3.2.1.40) and
3-glucosidase (EC 3.2.1.21) [1-5]. Historically, its production and major application was
targeted for the debittering of citrus juices. Indeed, -L-rthamnosidase converts the bitter
glycoside naringin to the less-bitter prunin by cleavage of an «-(1—2) bond between
L-thamnose and glucose. Subsequent hydrolysis of glucose from prunin by the
[3-glucosidase portion yields finally the aglycone naringenin. The «-L-rhamnosidase
activity of Naringinase finds further applications in the production of prunin, for aroma
enhancement of wine, in steroid transformation, in the structural study of bacterial
polysaccharide, and in the production of L-thamnose from glycosides [2, 6-9]. Furthermore,
Penicillium-x-L-thamnosidases are known to be capable of hydrolysing L-rhamnose from
rhamnolipids [10, 11]. Meiwess et al. [11] reported that a commercial Penicillium-Naringinase
was able to cleave quantitatively the glycosidic bond between the two L-rhamnose units of
dirhamnolipids. The subsequent bond cleavage between L-thamnose and the (R,R)-3-
(3-hydroxydecanoyloxy)decanoic acid portion of the resulted monorhamnolipid was also
achieved, however, at rather low rates.

«-L-Rhamnosidases are mainly produced by the fungal species Aspergillus and
Penicillium [1, 2, 6-8, 10, 12-16], whereas bacterial and plant sources are also reported.
«-L-Rhamnosidase from Penicillium decumbens is an extracellular glycoprotein (50%
glycosidation grade) of 90 kDa showing optimal activity at pH 3.5-4.5 and 57 °C [3, 17].
In contrast to the other fungal «-L-rhamnosidases, less information is published about its
stability profiles of the free form, and most studies deal with stabilities in immobilized state
[18-21].

For optimization of enzymatic processes, not only high activities but also high stabilities
of the catalyst are desirable [22]. It is well known that temperature is the most important
variable affecting enzyme deactivation by weakening non-covalent interactions that
stabilize the protein structure, leading to unfolding and subsequent changes that reduce
the catalytic activity [23]. Variation in the pH value can also irreversibly change this
delicate structure by alteration of the charge of the amino acid responsible for maintenance
of the secondary and tertiary structure [24]. Extreme pH values lead similarly to chemical
modification fully inactivating the enzyme. Enzyme concentration is also known to affect
inactivation by modifying aggregation and subunit dissociation grade [23]. There are many
examples of enhanced stabilities at high enzyme concentrations [5, 25].

The objective of this study was to quantify the effect of temperature, pH, and enzyme
concentration on Penicillium-x-L-thamnosidase stability for a rational selection of process
conditions in view of its promising application for enzymatic modification of rhamnolipids.
For that, optimal experimental design techniques were applied for collecting stabilization data
in a minimum set of optimal-located experimental points for building of a response surface
model. The efficiency of the technique for enzyme stability studies was demonstrated.

Materials and Methods
Enzyme and Chemicals
Naringinase from P. decumbens was purchased from Sigma Aldrich (Steinheim, Germany)

(Lot 110K16471, 511 U g ' Naringinase or o-L-thamnosidase activity, and 55 U g
[3-glucosidase activity). The model substrate p-nitrophenyl-x-L-rhamnoside (pnpR) used for
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activity assays was obtained from Extrasynthese (Genay, France). All other chemicals were
of analytical grade.

Experimental Procedure
Enzyme Stability Assay

Different enzyme solutions were incubated in plastic cups at controlled temperature under
1,400 rpm agitation in a thermoblock unit. At different times, aliquots were withdrawn, and
the enzyme activity was immediately measured. For the determination of initial enzyme
activity, a first sampling at room temperature before incubation was carried out. Incubation
buffers (0.1 M) were as follows: sodium formate for pH 2.50-3.38, sodium acetate for pH
4.25-5.13, and sodium phosphate for pH 6.00. Naringinase stability tests at low
concentration were carried out at pH 5.5 and 40-60 °C and a Naringinase powder
concentration of 0.01 g 1", For avoiding protein adsorption on the vessel walls, plastic cups
were pre-treated by incubation of a bovine serum albumin (BSA) or Naringinase solution
into them. Incubation was conducted at 1 g 1" powder concentration in sodium acetate
buffer pH 5.5, 60°C, and 1,400 rpm for 1 h.

Enzyme Enrichment

Enrichment of o-L-thamnosidase from the commercial powder was carried out with an
AKTAexplorer equipment coupled to a control system (Unicorn; Amersham Biosciences,
Uppsala, Sweden). For selection of running buffer pH, small scale assay were carried out on
a | ml-Hitrap-Q-FF column (Amersham Biosciences) with different equilibration buffers:
50 mM Tris—HCI for pH 7.5 and 7.0 and 50 mM potassium phosphate for pH 6.5. Larger
protein amounts (5 g Naringinase powder equivalent to 0.4 g protein) were applied on a
20 ml Hiload Q-sepharose HP (Amersham Biosciences) column and eluted in 50 mM
potassium phosphate buffer for pH 6.5 at 4 ml min ' after 12-column volume (CV)
equilibration time with a 40 CV linear gradient from 0 to 0.5 M potassium chloride.
Fractions containing o-L-thamnosidase were pooled, desalted, and concentrated in a stirred
ultrafiltration cell (Amicon Inc., Beverly, USA) with a 30-kDa exclusion size membrane
(Millipore, Bedford, USA).

Enzyme Activity Assay

Fifty microliters of an enzyme solution were added to 950 pl of a 4 or 8 mM pnpR solution
(in sodium acetate buffer, pH 5.5) in a plastic cuvette at 60 °C. The final protein
concentration in the cuvette was 0.6-2 mg "' for Naringinase solutions, 2 mg "' for
enriched enzyme solutions, and 0.45-36 mg 1! for pooled fraction after column treatment.
The increase of p-nitrophenolate (pnp) concentration was followed by monitoring the
absorption at 400 nm (molar absorption coefficient for pnp: 1.17 I mmol ' cm™' at pH 5.5
and 60 °C) during 5 min reaction time in a photometer provided with a heated cell changer
(Amersham Biosciences) and coupled to the software Swift II reaction kinetics (Biochrom,
Cambridge, UK). One unit was defined as the protein amount that converts 1 pwmol pnp
from pnpR in 1 min at 60 °C and pH 5.5. Activity assays for stability tests were performed
by double determinations with 8 mM pnpR solution in 0.5 M sodium acetate buffer,
whereas simple determinations at 4 mM pnpR solution in 0.1 M sodium acetate buffer were
carried out for activity assays of pooled fractions after enrichment.
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Protein Determination

The protein concentration of collected fractions from «-L-rhamnosidase enrichments were
determined by the Bradford method [26] (Bio-Rad Laboratories, Munich, Germany) using
BSA as standard.

Response Surface Methodology

The experimental design methodology [27-30] was used for studying the stability of
Naringinase. This methodology is based on multivariate methods where the levels (settings
or values) of the independent variables (e.g., processing conditions, X;) are simultaneously
modified from one experiment to another. These methods find their major application when
the effect of one variable is affected by the setting of another one. Such “interaction effects”
between variables are difficult to detect by a traditional experimental setup where one
variable is changed at a time. The experimental design methodology makes use of statistical
tools for selecting a minimum set of experiments adequately distributed in the experimental
region (experimental matrix). These experiments are chosen so that the coefficients of the
mathematical model (usually a polynomial equation) representing the variations of
the experimental response of interest [dependent variable Y=f(X;)] may be evaluated with
the best possible precision. The least-square estimates of the coefficients of the model (b))
are calculated from the values of the response y for each experiment in the chosen
experimental matrix. The resulting model allows the drawing of contour plots (lines or
curves of constant response value) and of three-dimensional representations of the
responses (response surface methodology) [29, 31-33]. Once tested, the model may be
used to predict the value of the response(s) under any conditions within the experimental
region.

Model Selection

Due to the complexity of the events involved in protein inactivation, the dependency of the
responses on the variables were not expected to be linear, the experimental responses were
therefore fitted to an empirical quadratic polynomial model of the form:

Y=bot+y bi- Xt bi-XP+Y Y by-Xi-X (1)

In Eq. 1, by is the average of all experimental responses, b; the main effect coefficient of
the variable X;, b; the second-order effect coefficient of the variable X;, and b; the
interaction effect coefficient between variables X; and X; (i # /).

Experimental Design

Among all possible experimental designs associated to a quadratic model [27-30], a
Doehlert array was selected for two reasons: Besides providing a uniform array of optimally
selected experiments within the experimental region, it allows a stepwise approach,
investigating in a first step the influence of two variables and extending then the treatment
to more variables [31-34]. In the first step, a Doehlert matrix for two variables was used for
investigating the temperature and pH effects. This matrix contains seven uniformly
distributed experiments (Table 1, experiments 1-7) that may be represented in normalized
variables (X;) by the apexes and the center of a hexagon. In a second step, a third variable
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Table 1 Dochlert array of experiments for three variables.

Exp. no. pH Value Temperature Enzyme concentration
Coded Effective (—) Coded Effective (°C) Coded Effective (g/1)
Experimental matrix for temperature and pH
1 +1.0000 6.00 0 65 0 0.525
2 —1.0000 2.50 0 65 0 0.525
3 +0.5000 5.13 +0.8660 78 0 0.525
4 —0.5000 5.13 —0.8660 52 0 0.525
5 +0.5000 3.38 —0.8660 52 0 0.525
6 —0.5000 3.38 +0.8660 78 0 0.525
7 0 425 0 65 0 0.525
Extended matrix for coupling of enzyme concentration
8 +0.5000 5.13 +0.2887 69 +0.8165 0913
9 —0.5000 3.38 —0.2887 61 —0.8165 0.137
10 +0.5000 5.13 —0.2887 61 —0.8165 0.137
11 0 4.25 +0.5774 74 —0.8165 0.137
12 —0.5000 3.38 +0.2887 69 +0.8165 0913
13 0 425 —0.5774 56 +0.8165 0.913
Repetitions at the center of the experimental region
14 to 18 0 425 0 65 0 0.525
Control experiments
A 0.1400 4.50 —0.3300 60 0 0.525
B 0.5000 5.13 0 65 0 0.525

Set of variable-levels: temperature at seven levels, pH value at five levels, and Naringinase concentration at
three levels.

(enzyme concentration) was introduced by adding six experiments (Table 1, experiments
8-13), resulting in a matrix containing 13 experiments that may be represented by the
apexes and center of a cube octahedron [33].

Determination of the Experimental Region

Considering the application of the Naringinase for biotransformation of rhamnolipids, the
range of each variable was determined according to possible process conditions. The
temperature range was selected from 50 to 80 °C, the pH value was set between 2.5 and
6.0, and the Naringinase concentration between 0.1 and 1 g I"'. Because different variables
have different units and ranges of variation, the value of the variables are coded or
normalized as: X; = (U; — Up)/ AU, where X; is the normalized variable (range from —1
to +1), U, the value of the effective variable, U, the value at the center of the variable range,
and AU; the step (= (Uimax — Uimin)/2). Table 1 lists the series of experiments in
normalized and effective variables.

The reproducibility of the experimental responses was determined by five repetitions
of the experiment at the center of the experimental region (all variables at normalized value 0).
The fitting of the stability curves to the proposed deactivation model and also of initial
pnpR activities to the Michaelis-Menten equation was made by the least-square regression
method using the Levenberg—Marquardt algorithm (Sigma plot 9.01, Systat software, Inc.,
San Jose, USA). The calculation of the enzyme half-life values from the activities—time
expression was carried out with the program Mathcad 13 (Mathsoft” Needham, USA). For
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building the experimental matrices, calculating the coefficients of the model (Eq. 1),
evaluating the significance of regression, and performing the validity tests, the NEMROD
program was used [34].

Results
Kinetics of «-L-Rhamnosidase at Assay Conditions

For establishing the activity assay, the kinetic parameters of the conversion of pnpR by o-L-
rhamnosidase were determined at 60 °C and pH 5.5 in 0.1 M sodium acetate by
measurement of the initial reaction rate at different initial pnpR concentrations. After fitting
the data to the Michaelis—Menten equation, the maximal specific activity and the
Michaelis-Menten constant (Ky;) were evaluated to be 13.3£04 U mg ' (relative to
powder amount) and 6.1+0.3 mM, respectively. Product effects like backward reactions
and inhibition phenomena were not considered, since initial reaction rates were taken for
the calculation. The Ky, value thus obtained was higher than the one reported by Romero
et al. [3] at pH 3.5 (1.52 mM), and therefore, a higher initial pnpR concentration was used
for greater accuracy in the activity assays.

Stability at Low Naringinase Concentration

First, stability assays were performed at low enzyme powder concentration (0.01 g 1)
resembling the conditions of thamnolipid activity assays. In the temperature range from 40
to 60 °C, the activity rapidly decreased within the first 30 min incubation time but
afterwards remained constant at about 45% of the initial value for 5 h (data not shown).
Incubation without agitation caused a similar behavior, but the remaining activity after
30 min was higher (80% of the initial value). Ellenrieder and Daz [5] found thermo-
stabilization of naringinase by the presence of BSA. Therefore, 1 g I BSA was added to
the incubation buffer, and the rapid activity decrease within the first 30 min was no longer
observed. The activity remained constant and equal to the initial value until 5 h. Moreover,
this decay was gradually reduced with higher enzyme concentrations, completely
disappearing at 0.1 g 17! Naringinase powder concentration and indicating subunit
dissociation. However, when handling with very dilute enzyme solutions, a significant
percentage of protein can be adsorbed on the walls of the incubation vessel accounting for
the former observations [35]. To detect this, stability assays at a concentration of 0.01 g 1!
Naringinase were performed in pre-treated vessels with BSA or Naringinase absorbed on
their surfaces [36]. The apparent deactivation at the beginning was hereby no longer
observed. The lower limit of the variable enzyme concentration was therefore set up to
0.1 g I"! for the response surface study to avoid adsorption of a high percentage of protein
on the vessel walls.

Proposed Deactivation Model

Figure 1 shows the decreasing activity as a function of time at different conditions of
temperature and pH values. In a half-logarithmic diagram, a non-linear behavior between
time and residual activity is observed for all cases. The decay of the first part of the curve is
more pronounced than the second part. Actually, for all experiments carried out for the
response surface analysis, it was not possible to fit acceptably the experimental data to the
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common single-exponential decay. However, for all conditions, an adequate fitting to a two-
exponential equation of the form [25],

a = Cl . eiqlt + (1 — C]) . ef‘”t (2)

could be achieved. In Eq. 2, a is the normalized residual activity related to the initial value
and Cy, ¢q1, and ¢, are the equation parameters, which can be evaluated by the fitting. This
multiple-exponential behavior in the stability curve is always observed when more than one
independent, potentially active form of the enzyme is involved on the deactivation kinetics
[25]. As with single-exponential decay, a certain number of possible deactivation
mechanisms could be applied to explain the double-exponential behavior. However, the
values of the physical parameters of the mechanism can only be determined from
deactivation data when the number of equation parameters equals the number of the
physical ones. Otherwise, the parameters are evaluated as “lumped” or as apparent rate
constants of a more complicated mechanism [25]. Therefore, double-exponential
deactivation behavior is often explained by the most simple series type mechanism: the
initial enzyme form (E) first deactivates to a still active intermediate state (£;), which
slower deactivates to the final fully inactivated state (Ey):

o
E-lsE b E, (3)

In Eq. 3, /3 is the specific activity of the intermediate state £ related to the initial state
(E), and k; and k, are the respective rate constants of the first and second deactivation
reactions. Assuming that these steps are irreversible, the second rate constant k&, is equal to
the parameter ¢, from Eq. 2. Further assuming that no parallel reactions from £ to E4 take
place and that only the form E is present at the initial state, the activity—time expression
corresponding to the former deactivation equation is [25]:

51 “ky —klt ﬁl “ky —k2t
= (14 2 AR 4
¢ <+k2—k1 ¢ kz—kle )

Comparing Egs. 2 and 4, the value of the physical parameters [3;, k;, and k, can be then
evaluated from the equation parameters Cy, q;, and g,. The physical parameters were then
taken as responses for the experiments (Doehlert matrix). Moreover, when a equals 0.5, a half-
life value (¢,2) can be calculated from Eq. 2 and can be taken as a further response as well.

Response Surface Analysis

The experimental responses 3, ki, k», and t, of every stability assay under defined
incubation conditions according to the corresponding Doechlert array (Table 1) are
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summarized in Table 2. In all cases, the rate constant k; was higher than the second rate
constant k,, which agrees with the proposed deactivation model. However, as can be seen
from the repeated experiments at the center, the standard deviation (s) of the response k;
was rather high compared with the s of the other responses. Probably, more experimental
points at the very beginning of the stability assays could have been required for measuring
this rapid deactivation decay with acceptable accuracy. Therefore, this response was not
taken into account for the analysis. Taking the first experiments 1 to 7 and the center
repetitions 14 to 18 and by multiple regressions analysis of the responses k, (logk,) and 3,
polynomial models were obtained at constant Naringinase concentration (0.525 g I""). The
coefficients of the models are given in Egs. 5 and 6, respectively. In these equations, X7 and
X, represent the normalized variables for pH and temperature, respectively.

log(kz) = *1'85(i0.03) — 0-47(i0A04)Xl — 1.11(i0‘04>X2 + 0.67(i0_05)X]2
+0.42 (10,05 X; + 0.23 (10,08 X1 X0 (5)

Table 2 Responses of the experimental matrix assays.

Exp.no.  k;x10°(h)  kox10% (0 By (/) )
Exp? Exp? Calc® Exp® Calc® Exp® Calc®

1 127 2.5 2.2 0.86 0.89 23 26
2 205 17.4 19.2 0.68 0.65 2.3 2.0
3 482 25.7 28.4 0.71 0.68 1.6 1.4
4 93.6 0.2 0.2 0.92 0.89 309 268
5 20.8 1.1 1.0 0.85 0.88 52 61
6 408 58.9 533 0.44 0.47 0.40 0.46
8 78.2 2.9 3229 0.75 0.77 (0.84) 16 15 (18)
9 31.5 3.0 2.6 (2.0) 0.73 0.71 (0.83) 16 18 (27)
10 116 0.7 0.8 (0.6) 0.86 0.91 (0.91) 78 84 (105)
11 170 8.9 9.5 (8.5) 0.76 0.72 (0.70) 5.3 4.5 (4.7)
12 13.1 9.5 9.1(7.5) 0.83 0.78 (0.69) 5.8 53(5.3)
13 254 0.5 0.5 (0.5) 0.92 0.96 (0.91) 120 141 (138)
Control experiments

A 52.0 0.3 0.6 0.86 0.91 165 103

B 118 1.5 1.2 0.88 0.89 38 48
Repetitions at the centre of the experimental region

7 118 1.6 0.88 36

14 290 1.7 0.92 36

15 309 1.3 0.82 38

16 442 1.3 0.81 37

17 530 1.3 0.82 39

18 70.0 1.3 0.86 44
Average 293 1.4 0.85 38
s° 178 0.2 0.04 3

? Experimental responses

® Response calculated by the corresponding prediction model: Egs. 5 and 6 for experiments 1-6 and Egs. 7 and
8 for experiments 8—13. In parenthesis, the calculated values from pH-temperature prediction model (Egs. 5 and 6)

¢ Standard deviation of the experimental response
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ﬂ] = 0~85(i0.02) + 0~12(:\:0.03)Xl - 0.18<i0_03>X2 - 0.08(i0_04)X12 - 0‘]4(i0.04)X22
+ 0.12(10.06)X1X2 (6)

The standard deviations of the responses are 0.07 and 0.05 for logk, and 3;, respectively.
The multiple regression coefficients R* are equal to 0.995 (R* adjusted of 0.991) for logk,
and 0.932 (R? adjusted of 0.873) for ;. The results of F tests have shown that the
polynomial regressions are statistically significant at a confidence level higher than 95%
(F=241.8 for log(k,) response and F=16.1 for [3; response; Fso,(5;6)=4.39); indeed, the
chosen variables affect significantly the experimental responses (Table 2). The good
agreements between experimental and calculated values (Table 2) confirm the validity of
the polynomial models obtained (Egs. 5 and 6). The experimental responses of the control
assays, shown also in Table 2, are in agreement with the calculated values from the model
equations within experimental error. From a practical point of view, it could be interesting
also to predict the value of the half-life of the enzyme under given process conditions.

Taking the logarithm value of ¢;,,, an empirical quadratic model for this response could be
calculated as shown in Eq. 7:

log(t1/2) = 1.58(40.01) + 0.56(2002X1 — 1.27(10.02X2 — 0.72(40.03) X}
—0.53(10.03)X5 — 0.10(10 04 X1.X (7)

Figure 2 shows the three-dimensional representation and the contour plots of the
prediction models for log(ks), 31, and t;,,. To display the direct value of half-life, Eq. 7 was
plotted in Fig. 2 after solving it for #;,,. The prediction model for log(k,) shows that k,
decreases with decreasing temperature, indicating as expected, an increasing stability at

g 0.8 = %
X . e
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Fig. 2 Three dimensional representation of the response surfaces for log(k,) (A), 5; (B), and half-life (C).
The corresponding contour plots are plotted under each response surfaces (the circle denotes the
experimental region)
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lower temperatures. The k, value also depends on the pH, and this behavior varies with the
temperature reflecting the contribution of the interaction coefficient in Eq. 5. The model
parameter [3; ranged from 0.25 to 0.90 suggesting that the intermediate state E; is less
active than the initial state for all conditions. Hereby, the higher the incubation temperature,
the lower the activity of the intermediate state, and this dependency is also influenced by
the incubation pH. Variations of the 3; value with pH were already observed with glucose
phosphate isomerase [25].

For extending the analysis to the third variable, Naringinase concentration, experiments
8—13 (Table 1) were carried out and then the coefficients of the corresponding models for
three variables (experiments 1—17) were calculated by multiple regression analysis and are
given in Egs. 8 and 9. In these equations, X7, X, and X3 represent the normalized variables
for pH, temperature, and Naringinase concentration, respectively.

log(ky) = —1.85(:0.03) — 0.49(20.03)X1 + 1.09(10.03)X2 — 0.03 (10,03 X3
+0.67 (2006 X7 + 0.42(10.06X5 + 0.11 (10055 + 0.23 (10,08 X1.X2

— 0.03(10,00)X1X5 + 0.07 (10,09 X2X3 (8)

B1 = 0.85(10.02) + 0.09(40.03) X1 — 0.16(10.03) X2 + 0.03 (2003 X5 — 0.089 05, X}
—0.14(2005X5 — 0.01 (1004 X5 + 0.12(1007/ X1 X2 — 0.17 (10,07 X1 X3
= 0.09(10.07)X2X5 9)

From the new polynomial models for both responses, it was clearly observed that almost
all coefficients involving the enzyme concentration variable (X3) were much lower than the
other coefficients and of the order of their standard deviations and are therefore evaluated as
non-significant. This observation indicates that this variable and its interactions hardly
influence the Naringinase stability (logk, value) or the specific activity of its intermediate
state (0, value) within the tested region (0.1-1 g ! Naringinase powder concentration). As
can be observed from Table 2, experimental and predicted values from Egs. 5, 6, and 7
(values in parentheses) for the six complementary experiments are in acceptable agreement
within experimental error confirming the former assumption.

Enrichment of o-L-Rhamnosidase and its Stability

Since the commercial preparation used seems to be a raw powder of only 7.8% w/w protein
content (according to Bradford) containing foreign proteins of lower molecular weights
(data not shown), it can be worthwhile to perform incubation experiments with a more
purified «-rhamnosidase to support the above observations. Activity was eluted in two
peaks from an anion adsorbent, one portion eluting before the elution buffer was applied
and a later peak together with unwanted proteins. A shift of the second activity peak into
the first one was achieved by lowering the pH of the buffer system. The activity recovery in
the first peak was then increased from 66% at pH 7.5 to 70% at pH 7.0 and 93% for pH 6.5.
Figure 3 shows a typical chromatogram under optimal conditions. At large scale, a partial
purification of Naringinase was achieved. The enzyme concentrate of the pooled fractions
resulted in a 2.8-fold increase in specific activity with 82% activity recovery. The specific
protein activity of the initial sample was 52.5 U mg " and of the enriched enzyme 148 U mg .
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Fig. 3 Anion exchange chroma-
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Stability studies of the enriched o-L-rhamnosidase under different temperature and pH values
were carried out. For all conditions tested, it was again not possible to fit the experimental
points to the common exponential deactivation. However, the data could be appropriately
fitted to the proposed double exponential mechanism. Table 3 gives the values of the
parameters ki, k», and (3; for the conditions tested. These values agree with the values
predicted by the models (Egs. 5 and 6) for deactivation of the unpurified «-L-rhamnosidase
(Naringinase), and it can therefore be concluded that: (1) the enriched enzyme is as stable as
the mixed unpurified powder and (2) any influence of low molecular weight substances (e.g.,
additives, contaminants, or stabilizers) on the enzyme stability was negligible.

Discussion

Many examples of soluble, immobilized, and chemically modified enzymes exhibiting
series-type deactivation mechanism are available in the literature [9, 25, 37, 38]. Moreover,
Soria and Ellenrieder [9] also proposed a series-type mechanism for thermal deactivation of
a o-L-thamnosidase of Aspergillus terreus. Although there is no evidence at a molecular
level of the formation of an intermediate state during deactivation, some valuable insights
were gained to suggest that the proposed model may apply: First, the incubation conditions
are similar for obtaining lower deactivation constants (k,) and greater activity of the
intermediate state (J;), which both promote greater enzyme stabilities. This indicates
congruent tendencies. Moreover, the enriched enzyme also exhibited series-type deactiva-
tion kinetics supporting the assumption that the deactivation mechanism may be an intrinsic
characteristic of the enzyme.

Gabor and Pittner [17] reported that Naringinase tends to self-digest, cleaving 160—
170 mol of glucose per mole of enzyme and being, in this digested state, less active and less

Table 3 Responses of the stability assays of the purified x-L-rhamnosidase.

Temperature (°C) pH Value (-) k;x10% (h") k<107 (b ) B () ti (h)
60 4.50 438 0.6 (0.6) 0.95 (0.91) 116 (103)
61 5.13 50.3 0.8 (0.6) 0.89 (0.91) 72 (105)
65 5.13 32.6 12(1.2) 0.82 (0.89) 46 (48)
78 5.13 503 36.8 (28.4) 0.74 (0.68) 1.3 (1.4)

In parentheses, the calculated values with non-purified enzyme (Naringinase) from Egs. 5 and 6
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stable. In account of this, the first faster deactivation step observed may correspond to the
unfolding and self-digestion of the carbohydrate portion, lowering its activity relative to the
initial state (/3;); afterwards, the common phenomena involving enzyme inactivation may
apply for the second slower step. The digestion and unfolding grade of this intermediate
state may also be controlled by the pH and temperature of incubation.

On the other hand, elution from the Q-column in two activity peaks may indicate
existence of «-L-thamnosidases with different grade of glycosidation having different
affinity to the matrix, or even coexistence of different enzymes molecules with different
active centers. However, sodium dodecyl sulfate page revealed protein bands at about
90 kDa for both fractions (data not shown). Mutter et al. [6] and Manzanares et al. [7]
detected two different oc-L-thamnosidase activities from Aspergillus aculeatus. Young et al.
[4] reported purification of P. decumbens «-rhamnosidase in a Mono Q column. They also
observed activity elution in two peaks; however, the adsorption onto the column was
stronger, since at pH 6.0, the major peak was still the later one coming together with the
{3-glucosidase portion. The observed double exponential deactivation kinetics may be
explained in this case by a stability profile resulting from the contributions of the different
deactivation mechanism of the two species.

Concerning stability data, it can be concluded that (1) the glycol-enzyme is a rather
thermo-stable enzyme preserving its initial activity for long times when incubated at its
optimal pH up to temperatures of 65 °C; (2) the stability of the enzyme is insensitive to the
enzyme concentration; (3) a pH-optimum for enzyme stability could be observed at pH 4.5—
5.0 by analysis of the response surfaces at constant temperature being, however, quite
sensitive to lower pHs (<3.5). Ellenrieder and Daz [S] and Tsen et al. [19] reported
deactivation data of Penicillium Naringinase at pH 3.5-3.7; however, our measurements
exhibited higher stability at the same conditions. Ellenrieder and Daz [5] also observed an
increasing stability at higher Naringinase concentrations; however, the range tested by these
authors was wider (0.5-5 g 1'"). They also achieved thermo-stabilization by cross-linking
modification and by immobilization on protein-rich supports. Many studies of pH-stability
on Aspergillus thamnosidases are reported [1, 6-9, 13, 14]. 4. aculeatus «-L-thamnosidase
[6] was shown to be insensitive to pH in the range 3-8, whereas A. terreus [8] and
Aspergillus nidulans [14] o-L-thamnosidases rapidly lost activity when incubated at pH
values lower than 4.0. Comparing our measurements with available stability data of purified
fungal «-L-rhamnosidases published in the literature [1, 6-9, 13, 14], it can be further
pointed out that «-L-rhamnosidase from P. decumbens exhibited higher thermo-stability
than from Aspergillus species.

Response surface methodology has been successfully applied for the quantitative study
of enzyme stability. Compared to the traditional approach consisting of changing one
variable at a time, response surface methodology significantly reduced experimental effort
and facilitated data treatment and interpretation of the results. Thus, temperature, pH, and
enzyme concentration effect on stability were evaluated on a minimum set of optimal
selected experiments. Estimations of deactivation parameters at different conditions were
chosen as responses for every experiment. With these responses, an empirical quadratic
model was fitted for predicting enzyme stability within the experimental region serving as a
basis for a rational selection of conditions of Naringinase catalysed reactions like, e.g.,
rhamnolipid hydrolysis. Further investigations for establishing coexistence of different
enzymes molecules in Naringinase, e.g., by measuring eluted activity with two different
substrates from a purification column supported by stability profiles of the different activity
peaks, are being planned. In case of detection of two different enzymes, the proposed series
deactivation mechanism should be re-evaluated.
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