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Abstract: This study aimed to evaluate the performance of a commercial protease (Novo-Pro D
(NPD)), both in soluble and immobilized forms, in the hydrolysis of proteins (using casein as model
protein). Immobilization of the protease NPD on 6% agarose activated with glyoxyl groups for 24 h
at 20 °C and pH 10.0 allowed preparing immobilized biocatalyst with around 90% immobilization
yield, 92% recovered activity versus small substrate, and a thermal stability 5.3-fold higher than
the dialyzed soluble enzyme at 50 °C and pH 8.0. Immobilization times longer than 24 h lead to a
decrease in the recovered activity and did not improve the biocatalyst stability. At 50 °C and pH 6.5,
the immobilized NPD was around 20-fold more stable than the dialyzed soluble protease. Versus
casein, the immobilized NDP presented a 10% level of activity, but it allowed hydrolyzing casein
(26 g/L) at 50 °C and pH 6.5 up to a 40% degree of hydrolysis (DH) after 2 h reaction, while under the
same conditions, only a 34% DH was achieved with soluble NPD. In addition, the immobilized NPD
showed good reusability, maintaining the DH of casein for at least ten 2h-reaction batches.

Keywords: enzyme immobilization; enzyme stabilization; protease; protein hydrolysis; agarose-
glyoxyl

1. Introduction

Despite the high potential of enzymes as biocatalysts, their application in industrial processes
is limited due to their moderate stability, high cost and economically non-viable recovery [1,2].
This may be partially solved using immobilized enzymes [1,3,4]. The immobilization of enzymes
allows their reuse and makes economically viable the use of a high catalyst concentration in the
reactor, which decreases the reaction time required to achieve a desirable conversion. Furthermore,
at the end of the reaction, the simple physical separation of the catalyst is allowed, avoiding the
need for thermal inactivation of the enzyme, which may cause changes in the product properties and
prevent the contamination of the product with the enzyme. These last two advantages of immobilized
enzymes are especially important tasks when using enzymes in the food industry [5]. Furthermore,
the immobilization may increase the thermal stability and improve other enzyme characteristics such
as activity, specificity and selectivity [1,6-8].
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Some improvement of the enzyme operational stability by immobilization within porous supports
always occurs because it will prevent enzyme aggregation and interaction with external interfaces [3].
Enzyme immobilization inside porous supports also avoids autolysis [3], a very significant advantage
in the case of proteases (hydrolases that catalyze the hydrolysis of peptide bonds of proteins [9,10]).
However, the pore size has to be large enough to accommodate the enzyme and minimize diffusional
delays [10], what is also particularly important when immobilizing proteases, because both, enzyme
and substrate are proteins, large molecules. In this regard, a proper protease orientation regarding
the support surface is also necessary, as only properly oriented enzymes will be active versus large
substrate like proteins (Figure 1) [10,11].
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Figure 1. Schematic representation of an enzyme (e.g., a protease) immobilized on porous support to
be used in the hydrolysis of a large substrate (e.g., a protein such as casein).

Enzyme immobilization by multipoint covalent attachment on large-pore supports, like agarose,
activated with aliphatic aldehyde groups, like glyoxyl groups, has already proven to be an excellent
immobilization technique for the immobilization and stabilization of several enzymes [12], including
proteases [13-16]. The multipoint immobilization occurs when it is possible to form several linkages
between the same enzyme molecule and the support [8]. The higher the number of linkages are formed,
the more rigid the tri-dimensional structure of the protein becomes [8]. The number of formed linkages
will depend on the activation grade of the support, that is, the number of reactive groups available
to react with the enzyme and of the number of reactive groups in the enzyme, the support internal
geometry, and the immobilization protocol [17,18]. Agarose is a good choice of support because it
fulfills many of the required conditions: a support inert, easy to activate with different groups, available
with different pore diameters, offering large flat surfaces to the enzyme, etc. [19]. One peculiarity of
agarose-glyoxyl supports is that they need to immobilize the enzyme via the simultaneous formation of
several enzyme-support bonds [20]. Enzymes have a low pK amino group (the terminal amino group)
and many Lys groups, with an amino in the e-group with a pK around 10.5, making it compulsory
to use an alkaline pH to immobilize the enzymes on agarose-glyoxyl [20]. Exceptions to this rule are
those proteins that have several terminal amino groups, for example, multimeric enzymes [21,22] or
enzymes forming bimolecular aggregates [20], for example, lipases [23]. In consequence, as a rule,
this immobilization/stabilization strategy is only applicable to enzymes that are stable at alkaline pH
values (around 10).

In general, endo- and exo-proteases are applied in several biotechnological processes, including
food products, the reduction of food protein allergies, the liberation of bioactive peptides, detergent
additives, and pharmaceutical uses, among others [10]. Thus, the exploitation of techniques to
immobilize and stabilize proteases is a focus of many recent studies [13,16,24-27].

Different proteases are commercially available for use in the food (human and pet) industries,
like Alcalase [28-30] and Novo-Pro D (NPD) [28-32], respectively, both marketed by Novozymes A/S.
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Particularly, the protease Alcalase has been successfully immobilized on different supports [33-36],
including agarose-glyoxyl [13,37-39], showing a high thermal stabilization and good performance in
the hydrolysis of proteins. Protease NPD presents subtilisin activity, and is produced by submerged
cultivation of a genetically modified microorganism. The enzyme protein, which in itself is not
genetically modified, is separated and purified from the production organism (Bacillus licheniformis) [40].
This enzyme preparation has showed promising results in the hydrolysis of proteins from soybean
hulls [31], potato pulp [28,29], porcine liver [30], catfish by-product [32], and whey proteins [41], but we
have been unable to find immobilization studies of NPD in scientific literature.

In this context, this work aimed to immobilize/stabilize the protease NPD on agarose-glyoxyl
support. The influence of the immobilization time on the immobilization parameters was evaluated
considering immobilization yield, recovered activity and the thermal stability of the immobilized
enzyme in the absence of substrate. Soluble and immobilized NPD were also characterized as their pH
and temperature activity profiles. The most stable immobilized NPD preparation was evaluated as its
performance in the hydrolysis of casein (as a protein model).

2. Results

2.1. Effect of the Immobilization Time on the Immobilization Parameters of NPD on Agarose-Glyoxyl Support

Initially, an enzyme load of 4.6 mg protein/g beads was offered for different immobilization times
(1-96 h). Figure 2 shows that the immobilization of NPD on agarose-glyoxyl was slow, requiring 24 h to
immobilize around 90% of the offered activity. The low immobilization rate compared to other enzymes
immobilized in this support could be related to the fact that the protease is glycosylated (N- and
O-linked glycosylation) making less accessible the protein core to the reaction with the support [42].
Glycosylic chains covering Lys residues could also reduce the geometrical and chemical congruence
between the enzyme and the support surfaces, in turn, reducing the immobilization rate and the
formation of multi-linkages between enzyme and support, which will negatively affect the enzyme
stabilization achieved after immobilization. In a recent communication, Bonzom et al. [43] reported
that the immobilization of feruloyl esterase (glycosylated and non-glycosylated) on mesoporous
silica negatively charged by adsorption exhibited large differences in the immobilization rate and
immobilization yield. The non-glycosylated enzyme was rapidly immobilized at all evaluated pHs,
while the glycosylated enzyme was slowly immobilized and pH-dependent. This different behavior
was attributed to the differences in the isoelectric points of the two enzyme forms due to the glycosylic
chains that shield the protein surface.
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Figure 2. Immobilization profiles of Novo-Pro D (NPD) on agarose-glyoxyl (20 °C, pH 10.0, protein
load of 4.6 mg/g support). (M) Enzyme control—free enzyme solution under the immobilization
conditions, (e) suspension activity, and (A) supernatant activity. Activities were measured as described
in Section 3.2.
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The soluble enzyme lost around 20% activity up to 24 h under the immobilization conditions,
perhaps partially due to autolysis.

Figure 3 shows the enzyme immobilization yield, recovered activity [44], and stability factor for
immobilized enzyme derivatives prepared with different immobilization times. Longer immobilization
times allowed a greater amount of an enzyme to link to the support, reaching a 93.2% immobilization
yield after 72 h reaction. On the other hand, the recovered activity was reduced if prolonging
the immobilization time, decreasing from around 65% (for 1 h) to 25% (for 24-96 h). According
to Mateo et al. [20], the first linkage between the primary amino groups from the enzyme and the
aldehyde group from the support is fast and reversible. However, additional linkages are necessary
to irreversibly immobilize the enzyme to the support, and even more time to increase the number
of enzyme support bonds and that way to increase the stability of the enzyme due to its structure
rigidification. In fact, half-lives at 50 °C and pH 8.0 for the different derivatives increase up to a
maximum value with the immobilization reaction time, but these longer enzyme-support reaction
times decreased the recovered activity. Similar findings were reported by Tardioli et al. [25] for the
immobilization of the exoprotease carboxypetidase A (CPA) on agarose-glyoxyl, where the enzyme
stability increased from 44-fold to around 260-fold when the immobilization time increased from 1 h to
48 h, but the recovered activity decreased from 80% to 42%.
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Figure 3. Enzyme immobilization yield (m), recovered activity (e) and stability factor at 50 °C and
pH 8.0 (a) for different immobilization times (20 °C, pH 10.0, protein load 4.6 mg/g support) of NPD
on agarose-glyoxyl. Stability factors were calculated as the ratio between half-lives of immobilized
and dialyzed free enzymes, obtained from the Sadana—Henley model fitted to the experimental data of
thermal inactivation (Figure S1, Supplementary Materials). Activities were measured as described in
Section 3.2.

The half-lives of the dialyzed and non-dialyzed enzymes, calculated based on the Sadana-Henley
model [45], were 9.0 and 19.3 h, respectively. These results showed that some stabilizing agents were
presented in the commercial crude enzyme preparation, and they caused a 2.2-fold increase in the
enzyme half-life of the enzyme under the employed conditions. Therefore, thermal inactivation profiles
of the different derivatives (Figure S1, Supplementary Data) were compared with the soluble and
dialyzed NPD, as stabilizing reagents were eliminated from the immobilized enzyme environment
after washings [13]. As shown in Figure 3, the derivative incubated for 72 h was the most stable one,
reaching a stability factor of 12.6-fold at pH 8 (half-life around 110 h).

The results showed in Figure 3 indicated that, as expected, the longer the immobilization times,
the higher the immobilization yield and the stability of the immobilized enzyme derivatives and the
lower the recovered activities. The multipoint covalent attachment requires a long time to permit
the correct alignment between the enzyme and support groups, and in the case of not very rich Lys
protein that are glycosylated, this time can be even longer [17]. This can cause also distortion of
the enzyme structure and, consequently, a decrease in recovered activity [17]. Nevertheless, the low
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values of recovered activity even for short immobilization times indicated that another phenomenon
might also be occurring in the experiment e.g., some substrate diffusion limitations problems that
prevent the visualization of the immobilized enzyme activity [46-50]. The hydrolysis of synthetic
substrate N-benzoyl-L-tyrosine ethyl ester (BTEE) used to determine enzyme activity is very fast
(the expected activity of this biocatalysts was around 70 Ugtgg/g support for derivatives loaded with
4.6 mg protein/g) and the substrate concentration was quite low (0.36 mM), making it difficult to
measure all the enzymatic activity immobilized inside the pores of the support. In order to check this
hypothesis, a new immobilization experiment was performed using a lower enzyme load. Figure 4
shows the enzymatic immobilization parameters [44], determined for derivatives obtained with
different immobilization times (24, 48, 72 and 96 h), using a protein load of 1 mg protein/g beads. It can
be observed that a 90% immobilization yield, a stability factor of 5.3-fold (half-life around 48 h), and 92%
recovered activity (a value very closed to 100%) were obtained after 24 h immobilization. That is,
if the enzyme loading of the support was low enough, this permitted a more precise determination
of the inherent immobilization parameters [44]. Longer reaction times allowed an increase in the
immobilization yield (97.9% after 96 h reaction), however a lower recovered activity of 69.6% was
obtained, without a significant increase in the stabilization factor (5.7-fold) obtained at 24 h reaction
(compared to the dialyzed soluble enzyme). In another assay, the use of an even lower enzyme load
(0.5 mg protein/g support) allowed obtaining 100% of recovered activity after 24 h reaction (data
not shown). Again, an increase of the stability for reaction times longer than 24 h was not observed.
Therefore, the previous 12-fold factor in enzyme stabilization could be related to a failure in determining
the initial enzyme activity by substrate diffusion limitations effects.
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Figure 4. Enzyme immobilization yield (m), recovered activity (e) and stability factor (a) for different
immobilization times (20 °C, pH 10.0, protein load 1 mg/g support) of NPD on agarose-glyoxyl. Stability
factor was calculated as the ratio between half-lives of immobilized and dialyzed free enzymes, obtained
from the Sadana—Henley model fitted to the experimental data of thermal inactivation (Figure S2 in
Supplementary Materials). Activities were measured as described in Section 3.2.

The stability factors obtained for NPD immobilized on agarose-glyoxyl were much lower than
those previously reported for other enzymes immobilized on this support; this may be thousands
of orders of magnitude greater for some proteases like trypsin and chymotrypsin, for example [12].
Reaching a high stability factor when performing multipoint immobilization requires an enzyme
surface area rich in Lys residues, located in a same plane [37,51].

2.2. Effect of Protein Loading on Immobilized Enzyme Performance

After the previous results, a more systematic study of the effect of enzyme loading on the
immobilized enzyme performance was performed. Figure 5 shows the data of enzyme immobilization
yield and recovered activity [44] as a function of the used protein loads. High immobilization yields
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(up to 90%) and recovered activities (up to 92%) were achieved when low enzyme loads were offered to
the support. However, the higher the enzyme load, the lower the immobilization yield and recovered
activity. When 68.6 mg protein/g support was offered, the immobilization yield was only 20.9%
after 24 h. Even increasing the reaction time to 72 h the immobilization yield was 35% (Figure S3,
Supplementary Materials). From the data in Figure 6, the maximum amount of immobilized protein
was 18.9 mg/g support, although the relative expressed activity versus BTEE (ratio between activity
measured of the immobilized NPD and activity theoretically immobilized) rapidly decreased when the
loading increased. The decrease in expressed activity should be, as discussed before, associated with
diffusional limitations, that increase with the enzyme loading [46-50]. However, the real use of this
biocatalyst will not occur in the hydrolysis of BTEE, but in the hydrolysis of proteins, at much higher
concentrations, and perhaps these problems may be minimized.

Considering the fact that an increase in the immobilization time (from 24 to 72 h) allowed an
increase of only 26% in the biocatalyst thermal stability, 24 h immobilization time was selected for
further studies. The load of 1 mg protein/g support was also selected, in order to avoid substrate
diffusion effects that interfere with the determination of the immobilized enzyme stability.
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Figure 5. Effect of protein loading on enzyme immobilization yield (bars) and recovered activity (line)
in the immobilization of NPD on agarose-glyoxyl at 20 °C, pH 10.0 and 24 h reaction time.
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2.3. Effect of Temperature and pH on the NPD Activity

Figure 7 shows the effect of temperature on the activities of soluble and immobilized NPD
on agarose-glyoxyl. Both, soluble and immobilized enzymes, have the maximum activity at 50 °C.
However, the immobilized enzyme retained around 30% activity at 80 °C, while the soluble enzyme
was fully inactivated at 70 °C. This relatively high retention of activity at temperatures well over the
ones where the free enzyme is fully inactivated, while not altering optimal temperature, suggests
that some minority population of enzyme molecules can become more strongly stabilized after
enzyme immobilization (e.g., a subpopulation of enzyme molecules with a lower glycosylation degree),
maintaining its activity at higher temperatures but not increasing the overall temperature where the
biocatalysts expressed the maximum activity.

- /R\\* ]
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Figure 7. Profile of activity vs. temperature for (m) free and () immobilized NPD (24 h immobilization
time on agarose-glyoxyl). Activity assay conditions: hydrolysis of 0.36 mM N-benzoyl-L-tyrosine ethyl
ester (BTEE) at different temperatures and pH 7.0 for 5 min.

In any case, this increased the window of conditions where the enzyme may be utilized. Similar
results have been reported in other instances [52,53].

The effect of pH on the NPD (soluble and immobilized) activity is shown in Figure 8A. The pH
values of maximum activity for soluble and immobilized enzymes were around pH 8.0-9.0. At acidic
pH, the activities of both free and immobilized enzymes decreased, but the immobilized enzyme
always maintained more activity than the free one. This could be correlated with the enzyme stability
at the different pH values (Figure 8B), here the greatest difference was at pH 6, where the residual
activity of the immobilized enzyme doubled compared to that of the free enzyme.

In general, differences in the properties of immobilized enzymes from those isolated and purified
(the case of free enzymes) are reported, because macromolecular crowding in the microenvironment of
the immobilized enzyme and enzyme-support interactions can mimic nonspecific interactions with
heterogeneous constituents in the interior of living cells [54].
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Figure 8. (A) Activities of (m) free and () immobilized NPD with 24 h on agarose-glyoxyl at 25 °C
and different pHs and (B) profile of residual enzymatic activity, measured under standard conditions
(hydrolysis of 0.36 mM BTEE solution at 25 °C and pH 7.0 for 5 min, Section 2.2), after 4 h of incubation
at different pH values.

2.4. Thermal Stability at pH 6.5 of Soluble and Immobilized NPD

The thermal stabilities of dialyzed soluble and immobilized NPD (24 h of reaction on
agarose-glyoxyl) were evaluated at 50 °C and pH 6.5. This pH was chosen because is an appropriate
choice to hydrolyze caseins, which are the main proteins in cow’s milk, whose pH is around 6.4 to
6.8 [55,56]. Figure 9 shows that the immobilized NPD was around 20-fold more stable than the soluble
enzyme under these conditions (216 and 10.6 h of half-lives, respectively). The difference in enzyme
stability was higher under these conditions. Explanations may be diverse; a higher proteolysis of the
free enzyme, or a higher tendency to aggregation, or that the immobilized enzyme has protected the
area more relevant for enzyme inactivation under pH 6.5 and not so if the inactivation was performed
at pH 8 [57].
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Figure 9. Thermal inactivation profiles of NPD, (m) dialyzed free and (#) immobilized on agarose-glyoxyl
(AgGly), for 24 h at 50 °C and pH 6.5. Activities were measured as described in Section 3.2.

2.5. Performance of Soluble and Immobilized NPD in the Hydrolysis of Casein

Table 1 shows the activity recovered immobilizing 1.4 and 18.9 mg of protein/g of support.
The table shows that while the activity versus BTEE drastically decreased when the enzyme loading
increased (63.3 to 13.8%), the same did not occur when using casein, where (at both loadings) the
activity was just over 15% average. This suggested that there was not substrate diffusional limitations
in this reaction, and that the decrease in enzyme activity was caused by the distortion of the enzyme
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(that could affect more drastically the hydrolysis of the more stable peptide bond rather than of the
ester). Steric hindrances could be also discarded, as they should become maximized using maximum

support loading [7].

Table 1. Recovered activities (RA) of low- and high-loaded NPD derivatives (24 h reaction at 20 °C and
pH 10) measured with small (BTEE) and large (casein) substrates.

Protein Loaded Theoretical Theoretical RA (%) Using RA (%) Using
(mg/g) Immobilized Immobilized Small Substrate Large Substrate
8 Activity (Uptgg/g)  Activity (Ucasein/g) (0.36 mM BTEE) (20 g/L casein) !
1.4 20.6 £0.2 88.1+7.0 63.3+0.7 16.3 +0.9
18.9 275.6 £ 0.2 1166.4 £ 93.3 13.8+1.2 145+ 44

! Hydrolysis of 25 mL casein solution (2%, w/v, in distilled water) at 50 °C and pH 6.5. The reaction pH was
controlled by addition of KOH solution in a Titrino 907 titrator (Metrohm, Herisau, Switzerland). One casein unit
was expressed in pmol of peptide bonds cleaved per min.

Figure 10 shows the degree of hydrolysis (DH) of casein (26 g/L) at 50 °C and pH 6.5 using different
concentrations of the soluble NPD (g protein/L reactor). A high degree of hydrolysis was reached for
all tested enzyme concentrations in a short reaction time (4 h), i.e., 32.3%, 34.5% and 37.1% for 0.08, 0.26
and 0.78 g protein/L reactor, respectively. From an industrial point of view, at least if only the cost of
enzymes is considered, an increase of around 5% in the DH requiring an increase of around 10-fold in
the enzyme concentration would be not economically viable. Thus, the lowest enzyme concentration
was selected to evaluate the performance of NPD immobilized on agarose-glyoxyl loaded (AgGly-NPD)
with 18 mg protein/g support in the hydrolysis of casein under the conditions described above.
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Figure 10. Profile of hydrolysis of casein (26 g/L) at 50 °C, pH 6.5 and 500 rpm stirring catalyzed by
free NPD at different loads (g protein/L reactor): (m) 0.78, (¢) 0.26 and (a) 0.08.

Figure 11A,B shows that using AgGly-NPD, the initial rates were significantly lower than using
the free enzyme, up to around 5-fold, as expected from the data in Table 1. However, the degrees of
hydrolysis reached 40.5% and 41.1%, respectively, using immobilized enzyme concentrations in the
reactor of 0.08 and 0.26 g protein/L.

Tardioli et al. [13] reported a maximum degree of hydrolysis of around 20% for the hydrolysis
of casein (10 g/L) by Alcalase immobilized on agarose-glyoxyl after 4 h reaction at 45 °C and pH 8.0.
In another communication, Rosa et al. [41] evaluated the performance of Alcalase and NPD (both in
free form) in the hydrolysis of whey protein concentrate (240 g/L) at 65 °C (pH 8.0) and 50 °C (pH 9.0),
respectively. After a 5 h reaction, the degrees of hydrolyses reached 15.5% and 18.5%. The authors
observed a rapid hydrolysis rate until 90 min of reaction, heading to a plateau after 120 min of reaction.
Similar behavior was observed in our work using free NPD (Figures 10 and 11), but the plateau
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was reached after 60 min, probably due to different enzyme/substrate ratios used. In a recent work,
Maluf et al. [30] hydrolyzed porcine liver protein (20 wt.% in water) with free Alcalase and NPD at
60-64 °C and pH 6.4 for 5 h reaction. They reported a degree of hydrolysis up to 28%, with NPD
being more efficient than Alcalase. These comparisons show that NPD is a good option to be used
in the preparation of protein hydrolysates. In addition, the higher DH obtained in our work using
the immobilized enzyme (around 40%) could be due to the inactivation of the soluble enzyme in the
process conditions that prevent it from reaching the maximum DH, which may suggest new advantages
in the uses of immobilized enzymes [16,58-60].

50
50 -
(A) NPD concentration of 0.08 g/l 1 45 (B)NPD concentration of 0.26 giL 1
45+ »  Soluble NPD . = Soluble NPD
Sy > AgGly NPD Lelon
404 o AgGly NPD TLJ\I‘J%‘OOD 4 404 °© guly , éigjm:'ﬁ‘:?‘#em*u DB i
Tk 35 aEeete 1
35 1l 11 1 —
304 - 'T.;*!ITTT !;-nn-nn-n ] 30 -..._.::&e 1
$ 5] L JL( il ] R 5] " 1
= 25 - TI o]l . N
s . - I WIT - 1 T = o? ]
o 204 .' ;['[)*‘}‘U_ i . 0
18], il ] 151 ° ]
_J,III f 10 1
104 :';T - =3
547 ] 5 ]
0 LEREN ! U T T T T T T ] 0 L LU LN R N LA R N L |
0 30 60 90 120 150 180 210 240 0 30 60 e0 120 150 180 210 240
Time (min) Time (min)

Figure 11. Profile of hydrolysis of casein (26 g/L) at 50 °C, pH 6.5 and 500 rpm stirring catalyzed by
free and immobilized NPD (AgGly-NPD loaded with 18.9 mg protein/g support) using an enzyme
concentration in the reactor of (A) 0.08 g/L and (B) 0.26 g/L.

Figure 12 shows the DH achieved in repeated batches of casein hydrolysis reusing the immobilized
biocatalyst (AgGly-NPD). Two hours of reaction time was used to be more precise on the correlation
of reaction yields and enzyme activity. After ten 2h-reaction batches, the degree of casein hydrolysis
decreases only from a maximum of 26.5% to 24.2% (that is not significant). Thus, NPD immobilized on
agarose-glyoxyl showed an excellent performance for the hydrolysis of proteins, even if initially the
enzyme activity versus this substrate seemed very low.

35
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Figure 12. Reuse assay (cycles of 2 h-reaction batches) of NPD immobilized on agarose-glyoxyl (10 mg
protein/g support) in the hydrolysis of casein (26 g/L) at 50 °C, pH 6.5 and 500 rpm stirring, using an
enzyme concentration in the reactor of 0.26 g/L.
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3. Materials and Methods

3.1. Materials

Protease Novo-Pro D (NPD) was gently provided from Novozymes Latin America Ltda (Araucaria,
Brazil). Sepharose™ CL-6B (6% agarose) was purchased from GE Healthcare (Uppsala, Sweden).
N-benzoyl-L-tyrosine ethyl ester (BTEE), glycidol, bovine serum albumin (BSA), cellulose acetate
membrane and Bradford reagent were supplied from Sigma-Aldrich (St. Louis, MO, USA). Sodium
periodate was obtained from Qhemis (Jundiai-SP, Brazil), and sodium borohydride from Neon
(Sao Paulo-SP, Brazil). All other reagents were of analytical grade and were used as received.
Agarose-glyoxyl was prepared as previously reported [61].

3.2. Standard Enzyme Activity Assay Using a Small Substrate

The enzyme activity was measured by spectrophotometry at 25 °C following the increased
absorbance at 258 nm, during 5 min, that occurred due to the hydrolysis of BTEE [62]. The reaction
mixture was composed of 140 uL of 8 mM BTEE in anhydrous ethanol, 2.8 mL of 100 mM sodium
phosphate at pH 7.0 and 140 pL enzyme solution. The final concentration of BTEE in the assay was
0.36 mM. The activity was calculated using a molar extinction coefficient of 870 M~'cm™! and expressed
in BTEE units (UBTEE)-

3.3. NPD Immobilization Procedure

A suspension at a final ratio of 1:10, mass of support:volume, of enzyme solution (in 100 mM
sodium bicarbonate buffer pH 10), was gently stirred at 20 °C for different time periods. Activities in the
initial enzyme solution, in the supernatant of the immobilization and in an enzyme control kept under
the same conditions as the immobilization suspension were monitored during the immobilization
reaction [44]. As the enzyme-support reaction end point, 1 mg of sodium borohydride/mL suspension
was added to convert Schiff bases to secondary amine bonds and to reduce residual glyoxyl groups
to inert hydroxyl groups [14]. After 30 min reaction at 20 °C, the biocatalysts were recovered by
filtration, washed with distilled water, and 100 mM sodium phosphate buffer pH 7. The biocatalyst
was suspended in this buffer and its activity was measured under optimal conditions (described in the
Section 3.2).

Different enzyme loads (expressed as U/g support) were evaluated in the NDP immobilization
under the same conditions described above. It was evaluated for a protein load of 5 or 1 mg/g support
for all assays, except for assays of maximum loading of the support, where 1 to 70 mg/g of support
were used. For all cases, the enzyme solution was prepared in 100 mM sodium bicarbonate buffer
pH 10 by adding a known volume of the commercial enzyme, whose activity was previously measured
under optimal conditions (described in the Section 3.2).

The parameters of immobilization yield (IY), immobilized theoretical activity (referred to activity
disappeared of the supernatant) and recovered activity (RA) [44] were calculated according to
Equations (1)-(3):

1Y (%) = (1 Supernatant Activity at the Reaction End 100 1)
v Control Enzyme Solution activity at the Reaction End
Theoretical Derivative Activity (U/g support) = IY X offered load )
Immobilized Enzyme Activity (% support)
RA (%) = x 100 3)
Theoretical Derivative Activity (% support)
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3.4. pH and Temperature Effects on Enzyme Activity

The effect of the pH on the enzymatic activities of soluble and immobilized NPD versus BTEE was
evaluated at 25 °C, using different 100 mM buffers: sodium citrate pH 4.0 and 5.0, sodium phosphate
pH 6.0, 6.5, 7.0, and 8.0 and sodium carbonate pH 9.0, 10.0 and 11.0. Other specifications are described
in Section 3.2.

The effect of the temperature on the enzyme activities of soluble and immobilized NPD in BTEE
hydrolysis was evaluated at pH 7.0 (100 mM sodium phosphate pH 7.0) in a 25-80 °C range. Other
specifications are described in Section 3.2.

3.5. Thermal and pH Stabilities of Soluble and Immobilized NPD

Thermal stabilities of NPD immobilized on agarose-glyoxyl (AgGly-NPD), soluble commercial
enzymes and dialyzed soluble enzymes (15 h at 4 °C against 10 mM sodium phosphate buffer pH 8 in
a 12-14 kDa cut-off cellulose acetate membrane, to eliminate likely stabilizer agents) were evaluated at
50 °C, pH 8.0 (0.1 M phosphate buffer) up to 96 h and pH 6.5 (0.1 M phosphate buffer) up to 268 h.
A thermal deactivation model [45] was used to fit the experimental data and the biocatalyst half-life
was calculated. The stability factor was defined as the ratio between the half-lives of immobilized and
dialyzed soluble enzymes.

The stability of soluble and immobilized NPD was evaluated at 25° C at different pH values using
different 100 mM buffers: sodium citrate pH 4.0 and 5.0, sodium phosphate pH 6.0, 6.5, 7.0, and 8.0 and
sodium carbonate at pH 9.0, 10.0 and 11.0. After 4 h, the residual enzyme activities in BTEE hydrolysis
were measured under standard conditions (pH 7.0 and 25 °C as described in Section 3.2).

3.6. Protein Hydrolysis Assays and Biocatalyst Reuse

Casein hydrolysis (26 g/L) was performed at 50 °C and pH 6.5 for 4 h using soluble and the
most stable immobilized NPD at enzyme loads in the reactor of 0.78, 0.26 and 0.08 g of protein/L.
The concentration of casein solution was selected to be near to its concentration in cow’s milk (around
30 g/L) [63,64]. The results of the degree of hydrolysis (DH) were calculated from the volume of
potassium hydroxide solution consumed to keep the pH 6.5 constant using the Equation (4) [65]:

DH (%) = B X Np X 1/ X 1/Mp X 1/hgor X 100 4)

where B is the volume of base consumed to keep the pH constant (in mL), Ny, is the base concentration
(in mol/L), « is the average degree of dissociation of o-amine groups (values reported by Adler-Nissen
for each temperature and pH [65]), Mp is the mass of protein (in g), and hy is the total number of
peptide bonds that can be cleaved in the protein substrate (for casein, 8.2 mEq/g).

Reuse assays were carried out with casein hydrolysis (26 g/L) at 50 °C and pH 6.5 for 2 h using as
catalyst the most stable AgGly-NPD. The enzyme load in the reactor was 0.26 g of protein/L. Between
each batch, the biocatalyst was recovered by filtration and washed with distilled water. The Equation (4)
was used to calculate the DH values.

3.7. Protein Assay

The concentration of protein was measured by the Bradford’s method [66], using bovine serum
albumin (BSA) as the standard protein.

4. Conclusions

The covalent immobilization of NDP on agarose activated with glyoxyl groups (AgGly) allowed
the preparation of a biocatalyst 20 times more stable than the free enzyme at 50 °C and pH 6.5.
AgGly support could be loaded with around 20 mg protein/g support and the high-loaded derivative
exhibited excellent performance in the hydrolysis of casein although the initial activity decreased
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almost 10-fold. The immobilized enzyme reached around a 40% degree of hydrolysis at 50 °C and
pH 6.5 in a short reaction time. Moreover, the high-loaded derivative activity was maintained intact
when reused for 10 cycles in that reaction. The excellent performance at these conditions makes the
derivative attractive to be exploited in the hydrolysis of milk proteins (not only caseins, but also
a-lactoalbumin and B-lactoglobulin) [56,64,67] (study in course in our group), and perhaps of other
proteins of high nutritional value discarded as by-products in food industries, e.g., whey [13] and
porcine liver [30] proteins.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4344/10/5/466/s1,
Figure S1: Thermal inactivation profiles of free and immobilized Novo-Pro D (NPD) at 50 °C and pH 8.0
(0.1 M sodium phosphate buffer). Continuous line: Sadana-Henley thermal inactivation model [45] fitted to the
experimental data. Figure S2: Thermal inactivation profiles of soluble and immobilized Novo-Pro D (NPD) at 50 °C
and pH 8.0 (0.1 M sodium phosphate buffer). Continuous line: Sadana-Henley thermal inactivation model [45]
fitted to the experimental data. Figure S3: Immobilization profiles of Novo Pro-D (NPD) on agarose-glyoxyl
(20 °C, pH 10.0, protein load offered of 66.3 mg/g support).
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