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The development of strategies that can permit to adjust the size specificity of immobilized proteases by the
generation of steric hindrances may enlarge its applicability. Using as a model ficin immobilized on glyoxyl
agarose, two strategies were assayed to generate tailor made steric hindrances. First, ficin has been coimmobi-
lized on supports coated with large proteins (hemoglobin or bovine serum albumin (BSA)). While coimmobili-
zation of ficin with BSA presented no effect on the activity versus any of the assayed substrates, coimmobilization
with hemoglobin permitted to improve the immobilized ficin specificity for casein versus hemoglobin, but still
significant activity versus hemoglobin remained. Second, aldehyde-dextran has been employed to modify the
immobilized ficin, trying to generate steric hindrances to avoid the entry of large proteins (hemoglobin) while
enabling the entry of small ones (casein). This also increased the size specificity of ficin, but still did not suppress
the activity versus hemoglobin. The combination of both strategies and the use of 37°C during the proteolysis
enabled to almost fully nullify the hydrolytic activity versus hemoglobin while preserving a high percentage of
the activity versus casein. The modifications improved enzyme stability and the biocatalyst could be reused for 5
cycles without alteration of its properties.

1. Introduction Ananthanarayan, 2008; Klibanov, 1979; Mateo et al., 2007). Although

an inadequate immobilization protocol can even decrease enzyme sta-

Enzyme immobilization was firstly developed to recover and reuse
enzymes after their utilization as catalyst in a reaction (if they remained
active), as initially enzymes were very expensive, and as water-soluble
biocatalysts, their capture when used in free form is complex (Sheldon
and van Pelt, 2013). Moreover, their immobilization permitted to
benefit from the advantages of heterogeneous catalysis, regarding
reactor design, control and simplification of product purification, and
the decrease of wastes (Sheldon and van Pelt, 2013). Considering this
compulsory necessity of enzyme immobilization, many researchers tried
to take advantage of this step in the design of an industrial biocatalyst to
solve other enzyme limitations (Di Cosimo et al., 2013; Garcia-Galan
et al., 2011; Mateo et al., 2007; Rodrigues et al., 2013). The first focus
was to improve enzyme stability by immobilization (Iyer and
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bility, a suitable one can improve enzyme stability by increasing enzyme
rigidity (e.g., via multipoint covalent attachment or fixation of more
stable enzyme structures), preventing subunit dissociation of multimeric
enzymes (via multi-subunit immobilization), generating positive
enzyme environments (e.g., to promote the partition of hydrophilic or
hydrophobic inactivating agents), etc. (Bolivar et al., 2022; Boudrant
et al., 2020; Rodrigues et al., 2021). An adequate design of the support
and/or immobilization conditions enables the purification of the
enzyme during immobilization (in some instances requiring a genetic
enzyme modification) (Barbosa et al., 2015; Lau et al., 2023; Qin et al.,
2019; Sanchez-Otero et al., 2022; Wang et al., 2023b; Wang et al.,
2023a; Zhou et al., 2020). Moreover, the interactions of the enzyme with
the support surface and the fact that the enzyme is now in a confined
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space make it susceptible to becoming randomly distorted and submit-
ted to steric and diffusional constraints (substrate, product, pH, etc.)
(Garcia-Galan et al., 2011; Mateo et al., 2007; Rodrigues et al., 2013).
This way, enzyme activity, selectivity, specificity, inhibition, etc. may be
altered after immobilization (Rodrigues et al., 2013). Therefore, enzyme
immobilization via different strategies may generate a collection of
biocatalysts from the same enzyme with very different catalytic prop-
erties, increasing the possibilities of finding a biocatalyst with the
desired performance in a specific process, even in a random way
(Rodrigues et al., 2013).

One possibility that has been scarcely explored in the literature is the
alteration of the specificity of the enzymes acting on macromolecular
substrates by the size of the substrates via immobilization. This is the
main topic of the current research effort. As model example, proteases
will be utilized in this paper, as it may become interesting to have
proteolytic biocatalysts able to only hydrolyze small proteins, leaving
the large ones almost unmodified (Bilal et al., 2024; Tavano et al.,
2018). This goal has been pursued by the generation of tailor-made
steric hindrance on the immobilized enzyme. The objective is to diffi-
culty the access of large proteins while enabling the access of other
smaller proteins. This possibility of tailoring the enzyme size-specificity
has been scarcely explored before, and it may permit to find new ap-
plications of the immobilized protease. For this purpose, we have pro-
posed in this paper two different strategies to accomplish this specificity
alteration of immobilized proteases towards small proteins regarding
the large ones, both of them based on the tailored design generation of
steric hindrances to the access of large proteins to the active center of
immobilized proteases (Fig. 1).

The simplest strategy that we have assayed is the modification of the
immobilized protease molecules with aldehyde dextran (Tacias-Pascacio
et al., 2019). This modification will generate a flexible shell formed by a
hydrophilic polymer with a random coil structure, and it may be ex-
pected that the steric problems generated for the access of protein
molecules to the active center of the immobilized protease may be
greater for large proteins than for small ones. The coating of supports
with these polymers has proved to be able to prevent bio-
macromolecules multipoint interactions regarding one-point interaction
with the treated supports (Fuentes et al., 2005; Mateo et al., 2001).

Another strategy will be the coimmobilization of the protease with
another protein of a larger size that coats the support surface. If the
surface of the support is full of this large protein and the protease

(A)
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molecules are immobilized in the spaces between large protein mole-
cules, the protease will be in ”pockets” formed by the surrounding larger
proteins, and this should limit the access of proteins of a size similar to
that of the large protein used to coat the support, while it should permit
the entry of proteins and substrates of smaller size to a degree almost as
if these large protein molecules are not near the protease molecules, just
generating some minor diffusional limitations (the substrate may in-
crease its tortuosity and the diffusional problems to reach the active
center of the enzyme may be also enlarged). The combination of both
approaches may be also studied if the individual strategies are not
satisfactory enough. A similar methodology has been employed to pre-
pare a chromatographic matrix where only small proteins can become
immobilized on highly activated anion exchanger matrices (Bolivar
et al., 2010).

As model immobilized protease, ficin (Abernethy and Leonardo,
1964; Morellon-Sterling et al., 2020) immobilized on glyoxyl agarose
beads (Siar et al., 2020, 2017) has been selected. As this is a thiol pro-
tease, the possibility of switching the protease activity off and on allows
preventing the undesired proteolysis of the immobilized large protein
during protease immobilization, while recovering full enzyme activity
after protease coimmobilization (Morellon-Sterling et al., 2022). This
enzyme has diverse applications (Morellon-Sterling et al., 2020), and it
has been shown that after immobilization on glyoxyl-agarose, its sta-
bility increases. However, the liability of the catalytic cysteine to
oxidation causes stabilization to reach a plateau after some specific
immobilization time, decreasing afterwards if inactivation is performed
in the presence of oxygen (but not in anaerobic conditions) (Siar et al.,
2023). As ficin has a molecular size of around 21 kDa (Azarkan et al.,
2011; Devaraj et al., 2008; Englund et al., 1968; Porcelli, 1967), bovine
serum albumin (BSA) (60 kDa) (Jahanban-Esfahlan et al., 2020; Lu
et al., 2015; Majorek et al., 2012) and hemoglobin (a tetrameric protein
of 64 kDa) (Fanelli et al., 1958; Perutz et al., 1960) were used as proteins
to generate steric hindrances when coimmobilized with ficin. The
selected substrates were a small synthetic substrate (benzoyl-argini-
ne-p-nitroanilide (BAPNA) (Nakagawa et al., 1978; Oren and Galinski,
1994), hemoglobin and casein (around 23 kDa) (Dalgleish and Corredig,
2012; Horne, 2002, 1998).

(8)

Fig. 1. Schematic representation of the two strategies proposed in this paper. First, the immobilized biocatalyst was modified with aldehyde-dextran (A), Second,

ficin is coimmobilized in a support coated with a large protein (B).
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2. Materials and methods
2.1. Materials

The preparation of glyoxyl agarose beads is described elsewhere
(Grazu et al., 2005; Mateo et al., 2005) 2,2-dipyridyldisulfide (2PDS) and
hemoglobin were procured from Thermo-Fisher (Kandel, Germany).
Agarose beads 4-BCL were acquired from Agarose Bead Technologies
(ABT), (Alcobendas, Spain). BSA, casein, cysteine, 2-mercaptoethanol,
sodium periodate, ethylenediaminetetraacetic acid (EDTA), 1-ethyl-3-(3--
dimethylaminopropyl)-carbodiimide (EDC), ethylenediamine (EDA), gly-
cidol, sodium borohydride and benzoyl-arginine-p-nitroanilide (BAPNA)
were bought from Sigma-Aldrich (St. Louis, MO, USA). All other reagents
were of analytical grade.

2.2. Methods

All experiments were performed in triplicate and the results are
given as average and standard error.

2.2.1. Ficin preparation

Crude ficin extract was prepared as described by Siar et al., 2023
(Siar et al., 2023). After collection from Ficus carica L, the acquired latex
was submitted to centrifugation (10,000 g for 15 min at 4°C) and the
supernatant was recovered and kept at — 20°C until use, without any
further treatment. The protein concentration was determined by Brad-
ford method utilizing BSA to build the standard curve (Bradford, 1976).

2.2.2. Amination of hemoglobin and BSA with EDC and EDA

A mass of 2 g of proteins (hemoglobin or BSA) was added to 50 mL of
asolution 1 M EDA. When the protein was dissolved and the pH adjusted
to 4.57, solid EDC was added to the solution to reach a final concen-
tration of 10 mM. After 90 minutes of gentle stirring at 25°C, 100 %
modification of all the exposed carboxylic groups was achieved (Hoare
and Koshland, 1967). The aminated proteins were dialyzed (molecular
weight cutoff of 10 kDa) 20-25°C for 48 h. Dialysis was carried out in
3 L of 5 mM sodium phosphate pH 7, the dialysis buffer was changed
after 2h, 4 h, 8 h, 18 h, 24 h and 30 h.

2.2.3. Preparation of aldehyde dextran

Aldehyde dextran (6000. 40000 and 500000 Da) was prepared by
complete oxidation with sodium periodate as previously described by
Betancor et al., 2004 (Betancor et al., 2004). A 100 mL dextran solution
was prepared in distilled water containing 3.33 g of dextran at 25 oC.
When the dextran was fully dissolved, 8 g of sodium periodate were
added under continuous stirring for 3 h, maintaining the temperature.
The aldehyde-dextran solution was dialyzed against 50 volumes of
distilled water, with 6 changes of dialysis buffer. The obtained aldehyde
dextran was stored at 4°C until use.

2.2.4. Engzymatic assays

Ficin biocatalysts activity was determined by using BAPNA, casein or
hemoglobin as substrates.

In the BAPNA assay, first 43.5 mg of BAPNA were added to 1.0 mL of
dimethyl sulfoxide. When it was dissolved, the solution was added to
99 mL of 0.1 M sodium phosphate pH 7.0, containing 5 mM of both, Cys
and EDTA. Enzyme activity was determined by measuring the
augmentation in absorbance produced by the liberation of p-nitroaniline
at 405 nm at 25°C (under these conditions, the € was 8800). Activity is
given in micromoles of produced p-nitroaniline per minute. The utilized
spectrophotometer was a Jasco V 730 (Madrid, Spain) with control of
temperature and magnetic stirring.

The method reported by Kunitz (Kunitz, 1947) was utilized to follow
the hydrolysis of casein and hemoglobin, with slight modifications.
Solutions of 1 % (w/v) casein or hemoglobin were prepared in 50 mM
sodium phosphate at pH 7.0 containing 5 mM cysteine and 5 mM EDTA,
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and then it was heated to 55°C. 200 pL of biocatalyst suspensions or
solutions was added to 1 mL of substrate solution, and the reaction
mixture was incubated at the desired temperature for 15 min. The re-
action was stopped by the addition of 2 mL of 10 % (w/v) trichloroacetic
acid (TCA). This treatment yields the precipitation of the
non-hydrolyzed protein, but the small peptides produced by the hy-
drolysis of proteins are maintained in soluble form. This suspension was
centrifuged at 10,000 rpm for 5 min. The absorbance of the supernatant
was measured at 280 nm. As reference, the enzyme was first inactivated
by incubation in TCA, and then the protein substrate was added,
following the same aforementioned protocol. Protease activity is given
as 0.001 Absorbance increase per minute min—1. In some instances, the
reaction time was prolonged to 6 h or the temperature was reduced to
37°C.

2.2.5. Ficin modification with 2PDS

2PDS modification of ficin was carried out as described by Siar et al.,
2023 with minor modifications (Morellon-Sterling et al., 2022; Siar
et al., 2023). A solution of 5mM 2 PDS in 5 mM sodium phosphate
buffer containing 0.5 M urea and 10 % dimethyl-sulfoxide (DMSO) at
pH 7 was prepared. The aim of this experiment was to reversibly modify
the catalytic Cys residue (Morellon-Sterling et al., 2022; Siar et al.,
2023). Then, ficin was added to a final concentration of 5 mg/mL and
the suspension was submitted to constant agitation at 20-25°C, and this
reaction mixture was left for 4 h. Then, the reversibly inactivated ficin
was dialyzed at 20-25°C for 24 h using a dialysis membrane with a
molecular weight cutoff of 10 kDa. Dialysis was performed in 3 L of
5 mM phosphate buffer pH 7, the dialysis buffer was changed after 2 h,
4h,8h,18hand 24 h.

2.2.6. Immobilization of ficin extract on glyoxyl agarose beads

Immobilization of ficin (native or modified ficin with 2PDS) on
glyoxyl-agarose beads (with or without proteins previously immobi-
lized) was performed by adding 10 g of glyoxyl agarose to 100 mL of
1 mg/mL ficin extract solution prepared in 50 mM sodium carbonate at
pH 10.05 at 20-25°C under continuous stirring (Siar et al., 202.3) for 3 h.
Then, the suspension was reduced by adding solid NaBH4 to reach a
concentration of 1 mg/mL. After gentle stirring for 30 min at 20-25°C,
the resulting ficin biocatalysts were washed with abundant distilled
water (Boudrant et al., 2020).

2.2.7. Immobilization of BSA and hemoglobin on glyoxyl agarose beads

Immobilization of inert large proteins (aminated and non-aminated)
on glyoxyl-agarose beads was carried out by adding 10 g of glyoxyl
agarose to 100 mL of 20 mg/mL protein prepared in 50 mM sodium
carbonate at pH 10.05 at 20-25°C under continuous stirring for 24 h (a
large excess of protein was used to coat the support with the large
protein). Then, part of the suspension was taken and reduced by adding
solid NaBH4 to reach a concentration of 1 mg/mL. After 30 min of
gentle stirring at 20-25°C, the immobilized protein preparations were
washed with abundant distilled water. The other portion was utilized to
coimmobilize ficin, as described below.

2.2.8. Coimmobilization of blocked ficin over the immobilized and
aminated proteins

Immobilized aminated proteins preparations (without reduction of
the aldehyde groups) were suspended in a blocked ficin solution (1 mg/
mL), adding 1 g of immobilized protein matrix per 10 mL of blocked
ficin in 50 mM carbonate buffer at pH 10.05. The immobilization
mixture was left 24 h under gentle stirring at 20-25°C. Next, part of the
suspension was filtered and washed with excess distilled water. The
remaining suspension was reduced by adding solid NaBH4 to reach a
concentration of 1 mg/mL. After 30 min of gentle stirring at 20-25°C,
the biocatalysts were washed with abundant distilled water. In order to
follow the course of immobilization, no blocked ficin was used.
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2.2.9. Modification of ficin preparations with aldehyde dextran

Five grams of the ficin biocatalysts were suspended at 20-25°C in
50 mL of dextran aldehyde at pH 8 and left with continuous agitation for
48 h. After this time, the mixture was reduced with NaBH4 as described
above and filtered and washed with excess of distilled water.

2.2.10. Incubation of blocked ficin biocatalysts in -mercaptoethanol to
switch on ficin activity

Blocked immobilized ficin biocatalysts were suspended in 50 mM
sodium phosphate at pH 7 containing 1 M of f-mercaptoethanol for 24 h
(at aratio 1/10) to recover the ficin activity. Then, the biocatalysts were
washed with an excess of distilled water, filtered and stored at 4 °C. It
was cross-checked that 2PDS-ficin and ficin immobilized on glyoxyl
agarose exhibited identical activity after this reduction step, slightly
higher than the glyoxyl immobilized ficin without this reduction step
(Morellon-Sterling et al., 2022; Siar et al., 2023). That way, the blocked
glyoxyl ficin biocatalysts further reduced with mercaptoethanol were
used as reference in all cases, including the dextran modifications where
the ficin is not 2PDS blocked (100 % of the activity).

2.2.11. Stress inactivation of the different ficin preparations

Different ficin biocatalysts were incubated at 64°C in 50 mM of
different buffers (sodium carbonate at pH 9, sodium acetate at pH 5 or
sodium phosphate at pH 7). At the indicated times, samples were taken
and the activity of the ficin biocatalysts was determined using both, the
casein and the BAPNA assays described above.

2.2.12. Use of modified ficin-glyoxyl biocatalysts in casein and hemoglobin
hydrolysis

The biocatalysts exhibiting the best performance regarding size
specificity were used in casein and hemoglobin hydrolysis at 37°C and
55°C and pH 7. Hydrolysis was carried out in a reactor with continuous
stirring and controlled temperature. 0.5 g of each biocatalyst was sus-
pended in 10 mL of 1 % casein or hemoglobin (prepared in phosphate
buffer 50 mM containing 5 mM cysteine and 5 mM EDTA) at pH 7. At
the desired times, samples of 0.5 mL were taken (adding 1 mL of 10 %
(w/v) TCA) and the soluble peptide concentration was determined after
centrifugation as described above.

-
o
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2.2.13. Reuse of ficin biocatalyst in the hydrolysis of casein

Five cycles of casein hydrolysis were performed at 37°C utilizing
ficin biocatalysts. After 1 h of hydrolysis, the production of peptides was
checked to quantify ficin activity, and the reaction was left to proceed
for a total of 6 h. Then, the immobilized biocatalysts were filtered and
washed with distilled water and employed in a new reaction cycle.

3. Results
3.1. Preparation of the biocatalysts

The aminated and non-aminated proteins were immobilized at pH
10.05. Hemoglobin immobilization was very slow, with low amounts of
immobilized protein even after 24 h (Fig. 2). However, the immobili-
zation of the aminated BSA and aminated hemoglobin was quite rapid
(see Fig. 2 for hemoglobin). That way, no aminated proteins were dis-
carded to coat the support surface. We left the immobilization process
running for enough time to ensure that no new protein molecules could
be immobilized, i.e. to ensure the full coating of the support surface with
these large proteins. Next, ficin immobilization was performed on the
support coated of these larger proteins; using a low loading, the space
between the large immobilized protein molecules will be used for the
enzyme immobilization (Bolivar et al., 2010). The immobilization of
ficin on aminated-protein immobilized supports was slower than on
naked supports, as it may be expected from the lower available space to
immobilize ficin and higher diffusional limitations. Reversibly inhibited
ficin and native enzyme were used in these experiments, although only
the inhibited enzyme was used further. A representative example of the
immobilization of ficin on blocked and naked glyoxyl agarose beads may
be found in Fig. 3 (using the uninhibited enzyme). Immobilization was
total in both cases with an expressed activity over 60 %. The
Figure shows that, as previously reported, the immobilization of the
large proteins left space between immobilized protein molecules enough
to immobilize smaller molecules, in this instance ficin (Bolivar et al.,
2010). The 2PDS-ficin biocatalyst and the unblocked ficin biocatalyst
exhibited identical activity after incubation in mercaptoethanol.

Fig. 4 shows the SDS-analysis of the biocatalysts prepared with he-
moglobin. The unreduced ficin-hemoglobin biocatalyst gave protein
bands corresponding to ficin and hemoglobin, while after reduction,
only hemoglobin bands were visible. The multimeric nature of

-
N

-
o

Immobilized hemoglobine (mg)
[=2]

Time (h)

Fig. 2. Immobilization courses of different hemoglobin preparations in glyoxyl agarose beads. These experiments where performed at pH 10.05 at 20-25°C. See
methods section for further details. Solid squares: aminated hemoglobin; empty squares: natural hemoglobin.
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Fig. 3. Immobilization courses of ficin in different glyoxyl agarose supports at pH 10.05 at 20-25°C. Further specifications can be found on the Methods section. Solid
circles: free enzyme; Solid squares: ficin-glyoxyl suspension; Empty squares: ficin-hemoglobin-glyoxyl suspension; Solid triangles: ficin-glyoxyl supernatants; Empty
triangles: ficin-hemoglobin-glyoxyl supernatants. Simultaneously, similar immobilizations were performed using reversibly inhibited ficin. Absolute activity of the
free enzyme of the free enzyme at 37°C was 1.38 units/mg using BAPNA, 0.92 units/mg using casein and 0.67 unit using hemoglobin.

1 2 3 4 5 6 7 8

Fig. 4. SDS-PAGE analysis of different immobilized samples. Experiments were
performed as described in Methods section. Lane 1: low molecular weight
protein standard from GE Healthcare. Lane 2: reduced glyoxyl-hemoglobin-
ficin-dextran. Lane 3: no reduced glyoxyl-hemoglobin-ficin dextran. Lane 4:
no reduced glyoxyl-ficin-dextran. Lane 5: reduced glyoxyl-hemoglobin-ficin.
Lane 6: no reduced glyoxyl-hemoglobin. Lane 7: reduced glyoxyl-hemoglobin.
Lane 8: aminated hemoglobin.

hemoglobin explains the fact that even after reduction some protein
could be visualized in the SDS-PAGE experiments, as not all proteins
subunits are attached to the support (Balcao et al., 2001; Betancor et al.,
2003; Bolivar et al., 2006). This was checked using a support bearing
just the immobilized hemoglobin (Balcao et al., 2001; Betancor et al.,
2003; Bolivar et al., 2006). The lack of proteins ficin bands after
reduction confirmed that ficin was covalently immobilized on the sup-
port and not by physical interactions with the immobilized aminated
proteins (very likely due to the high isoelectric point of the ficin)
(Abernethy and Leonardo, 1964; Balcao et al., 2001; Betancor et al.,
2003; Bolivar et al., 2006; Morellon-Sterling et al., 2020).
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3.2. Activity of the different coimmobilized biocatalysts

The immobilized 2PDS-ficin biocatalysts were submitted to incuba-
tion with mercaptoethanol as described in the methods section to
recover the enzyme activity. Next, the activity of the ficin biocatalyst
prepared coimmobilizing ficin with different aminated inert proteins
was determined using casein, hemoglobin and BAPNA at 55°C and 37°C.
At 55°C, the activity of the glyoxyl-ficin was around 27-33 % higher
than at 37°C versus all the substrates.

Table 1 shows the main results. The coimmobilization of ficin with
aminated hemoglobin or BSA has no effect on the expressed activity of
the biocatalyst versus BAPNA, the 3 biocatalysts presented identical
activity at both 37 and 55°C. This confirms that ficin did not suffer any
changes due to the proximity of the large inert molecules. At 55°C, the
ficin activity versus casein suffered a slight decrease when coimmobi-
lizing the enzyme with hemoglobin, while coimmobilization of ficin
with BSA had no effect at all. This effect was far clearer at 37°C when
coimmobilizing ficin and hemoglobin to generate steric hindrances; in
this case the activity of ficin coimmobilized with BSA remained unal-
tered versus casein also at this lower temperature.

Coimmobilizing ficin with hemoglobin decreased the proteolytic
ficin activity using hemoglobin as substrate to 26 % at 55°C and this
effect was more significant at 37°C. This effect of hemoglobin coim-
mobilization with ficin can be explained by the successful generation of
steric problems to the entry of the free hemoglobin molecules towards
the immobilized ficin molecules surrounded by large immobilized he-
moglobin molecules, as they are immobilized on holes promoted by
hemoglobin immobilization, and this should be lower than the size of a
hemoglobin molecule (the support was fully coated with hemoglobin)
(Bolivar et al., 2010). The effect of coimmobilized hemoglobin to the
entry of hemoglobin substrate molecules to the coimmobilized ficin
molecules is more relevant when the mobility of the substrate is lower;
that way, it is more significant at 37°C than at 55°C. The effect of using
glyoxyl-BSA to generate steric hindrances in coimmobilized ficin
remained negligible at both, 55 or 37°C. The lack of a coimmobilizing
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Table 1

Journal of Biotechnology 395 (2024) 12-21

residual activity of different biocatalysts versus different substrates at 37°C and 55°C. Expressed in percentage of activity (%) relative to the activity of the ficin-glyoxyl

biocatalyst. Additional information can be found in the methods section.

BAPNA (37°C) BAPNA (55°C) Casein (37°C) Casein (55°C) Hemoglobin (37°C) Hemoglobin (55°C)
Ficin-glyoxyl 100 100 100 100 100 100
Hem-ficin-glyoxyl 98+2 101+2 9243 93+2 14+1 26+1
BSA-ficin-glyoxyl 99+2 98+2 10242 10243 103+2 105+2

effect of the protease with BSA can be explained because the BSA
molecule presents an ellipsoidal form in one of the views of the enzyme
structure (Fig. 5), and the immobilization very likely proceeds by the
larger surface of the protein, leaving BSA molecules with a height
regarding the support surface similar to ficin. This way, immobilized
BSA did not generate steric problems to the entry of substrate hemo-
globin to the immobilized ficin molecules active center.

That way, we have been able to significantly increase the specificity
of the immobilized ficin biocatalyst towards large proteins (hemoglobin)
when coimmobilizing the protease with hemoglobin, but even this
biocatalyst still presented a significant activity versus the small one
(casein).

3.3. Generation of steric hindrances by modifying immobilized ficin with
aldehyde dextran

Next, we tried to generate steric hindrances to the entry of large
proteins modifying the immobilized ficin with aldehyde dextran of
different sizes (Fig. 1). Table 2 shows the effect of the modification with
aldehyde dextran on the activity of the ficin biocatalysts. The effect
versus BAPNA was negligible at both 37 and 55°C. The modification was
confirming by staining the modified biocatalyst with Schiff reagent, only
the aldehyde dextran modified biocatalyst take the color (no the no
modified biocatalysts or the naked agarose beads) Using casein, the
activity decreased by around 40 % (a slightly higher decrease on casein
lytic activity could be found using the smaller dextran). This could be
explained because the smaller dextran can produce smaller “holes” in
the shell surrounding the enzyme. These results mean that still a sig-
nificant protease activity is maintained after the coating with aldehyde-
dextran. This shows that the coating of enzymes with this flexible
polymer may permit their interaction with molecules of a relatively
large size, even rigid structures such as proteins. The decrease of casein
lytic activity of ficin size-specificity is higher at 37 than at 55°C, this may
be explained by the mobility of both, the dextran shell and the substrate
casein.

This reduction of proteolytic activity was more significant using
large hemoglobin as substrate, with a similar trend with the temperature
to the ones described above. The final balance is an increase of the ficin
specificity by small proteins. However, even the dextran modified ficin
biocatalyst with the lowest activity at 37°C, still presented over 15 % of
the activity versus hemoglobin compared to the initial one.

That way, again the strategy was partially successful, but some room
for improvements was possible in our objective of nullifying the activity

(A

B)

Fig. 5. 3D structure comparison of bovine serum albumin (A) (PDB: 4F5S) and
ficin (B) (PDB: 4YYQ).
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versus large proteins of the immobilized ficin while maintaining the
activity versus small ones.

3.4. Modification with aldehyde dextran of ficin coimmobilized with
hemoglobin

Trying to suppress the activity versus hemoglobin (large protein)
while maintaining reasonable levels of activity versus casein (small
protein), we combined the two strategies described above, modifying
the hemoglobin-ficin biocatalyst with aldehyde dextran of different
sizes. Fig. 4 shows that the unreduced biocatalyst released some protein
after boiling in SDS, as reflected by some protein bands mainly of very
large size (confirming the crosslinking induced by the aldehyde-dextran,
and the high stability of the dextran-protein bonds, as they remain
crosslinked even after the boiling step). This occurred also modifying
just the immobilized hemoglobin with aldehyde dextran or ficin if the
biocatalyst was not reduced. However, the reduced biocatalyst did not
release any protein band, confirming that the dextran crosslinking step
fully includes all hemoglobin subunits (Balcao et al., 2001; Betancor
et al., 2003; Bolivar et al., 2006).

Table 3 shows the effects of the double modification on the ficin
biocatalyst activity using the 3 substrates utilized in this paper. The
activity versus BAPNA remained identical for the ficin and double ficin-
modified biocatalyst at both 37 and 55°C. Using casein, good levels of
activity were maintained. In fact, the activity versus casein was higher
than when modifying the ficin biocatalyst with aldehyde dextran
(Table 2), perhaps now the aldehyde dextran mainly reacted with the
aminated hemoglobin and did not reach the ficin molecules, preventing
the undesired modification of ficin. At 55°, around 90 % of the activity
versus casein was maintained; this value decreased to over 70 % at 37°C.
The differences between the effects of the size of the aldehyde dextran
utilized in the modification on the activity versus casein were smaller
than modifying ficin, being not very relevant. However, the activity
versus hemoglobin was almost fully suppressed. At 55°C, only between
2 % and 3 % of the proteolytic activity of ficin versus this large protein
was maintained, while at 37°C this was only around 1 %. This means
that we have been able to almost fully nullify the activity versus he-
moglobin of the immobilized ficin while maintaining reasonable levels
of the activity versus casein.

3.5. Reaction curses in the hydrolysis of casein and hemoglobin using the
initial ficin biocatalysts and the new biocatalyst

To ensure that this effect was maintained in the long term, Fig. 6
shows the reaction courses of hydrolysis of casein and hemoglobin at
55°C for 6 h. While the hydrolysis of casein is only slightly affected, the
hydrolysis rate of hemoglobin is significantly reduced; the increase in
absorbance is very small even after 6 h of reaction using the double
treated immobilized enzyme, compared to the results using the un-
modified ficin or the results obtained using casein. The possibility of the
immobilized and double modified ficin to be hydrolyzed into the
dissociated subunits of hemoglobin cannot be discarded, as this tem-
perature could favor hemoglobin dissociation (Bispo et al., 2007; Huang
et al., 2013; Manning et al., 1996; Sever et al., 2021). At 37°C (Fig. 7),
the hydrolysis of hemoglobin is almost fully discarded using the double
modified biocatalyst, and, although the hydrolysis of casein is reduced
to some extent, the differences in the biocatalyst performance when
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Table 2
residual activity of different ficin-glyoxyl biocatalysts modified with dextran sulfate of various sizes, versus different substrates at 37°C and 55°C. Expressed in per-
centage of activity (%) relative to the activity of the ficin-glyoxyl biocatalyst. Additional information can be found in the methods section.

BAPNA (37°C) BAPNA (55°C) Casein (37°C) Casein (55°C) Hemoglobin (37°C) Hemoglobin (55°C)
Ficin-dex 6000-glyoxyl 10142 10243 72 +£2 66+2 16+1 35+3
Ficin-dex 40000-glyoxyl 99+2 101+2 62+2 57+2 18+1 30+2
Ficin-dex 500000-glyoxyl 98+2 99+2 57+3 55+1 21+1 23+1

Table 3

Residual activity of different hemoglobin-ficin-glyoxyl biocatalysts modified with dextran sulfate of various sizes, versus different substrates at 37°C and 55°C.
Expressed in percentage of activity (%) relative to the activity of the ficin-glyoxyl biocatalyst. Additional information can be found in the methods section. Activity of
the glyoxyl agarose-ficin, corresponding to 100 % in each case, was 0.9 using BAPNA, 0.45 using casein and 0.42 using hemoglobin at 37°C. At 55°C the activities were
1.2, 0.55 and 0.5 respectively.

BAPNA (37°C) BAPNA (55°C) Casein (37°C) Casein (55°C) Hemoglobin (37°C) Hemoglobin (55°C)
Ficin-glyoxyl 100 100 100 100 100 100
Hem-ficin-glyoxyl 101+2 99+2 9242 93+3 14+1 26+1
Hem-ficin-dex 6000-glyoxyl 99+2 96+3 72 +2 91+2 1.82+0.21 3.39+0.24
Hem-ficin-dex 40000-glyoxyl 100 100 74+2 88+2 1.2540.32 3.82+0.42
Hem-ficin-dex 500000-glyoxyl 100 100 74+1 89+2 1.534+0.25 2.67+0.33
2.5 -
39 (A) (B)

Absorbance at 280 nm
Absorbance at 280 nm
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Fig. 6. Proteolytic reaction courses of casein (A) and hemoglobin (B) using different ficin biocatalysts. These experiments where performed at pH 7 and 55°C. Further
specifications can be found on the Methods section. Squares: ficin-hemoglobin-dextran-glyoxyl; solid circles: ficin-glyoxyl (all biocatalysts gave similar courses
independently of the dextran size).
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Fig. 7. Proteolytic reaction courses of casein (A) and hemoglobin (B) using different ficin biocatalysts. These experiments where performed at pH 7 and 37°C. More
specific details can be found on the Methods section Squares: ficin-hemoglobin-dextran-glyoxyl; solid circles: ficin-glyoxyl (all biocatalysts gave similar courses
independently of the dextran size).

using casein and hemoglobin are very large. Hemoglobin hydrolysis is 3.6. Effect of the modification on the enzyme stability

almost fully nullified by the double modified biocatalyst, while maintain

good levels using casein, the casein/hemoglobin enzyme specificity in- Figs. 8 and 9 show the effect of the coimmobilized ficin treated with

crease by at least 70 folds. aldehyde dextran on its stability at different pH values, following the
activity with BAPNA or casein, respectively. At all studied pH values (5,
7 and 9), the effect of the modifications on enzyme stability was positive,
being the stabilization lower at alkaline pH and peaking at acidic pH.

18



E.H. Siar et al.

Journal of Biotechnology 395 (2024) 12-21

100 (A)
_ 80 |
:
z
R
g
S 40 |
]
n
&
20
- ©
1 2 3 4 5 s 100
g Time (H)
> 9 80 4
2 <
2 3 60 1
= Q
5 <
% S 40 -
[4 7
Q
X 20 4
0 . . . . . ,
0 1 2 3 4 5 6 0 . ] ﬁ 7 ; T :
Time (H) Time (H)

Fig. 8. Inactivation courses of different immobilized ficin biocatalysts at 64°C and pH 5 (A), 7 (B) and 9 (C) using BAPNA as a substrate. More specifications can be
found on the Methods section. Squares: ficin-hemoglobin-dextran-glyoxyl; solid circles: ficin-glyoxyl.
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Fig. 9. Inactivation courses of the different immobilized ficin biocatalysts at 64°C and pH 5 (A), 7 (B) and 9 (C) using casein as a substrate. More details can be found
on the Methods section. Squares: ficin-hemoglobin-dextran-glyoxyl; solid circles: ficin-glyoxyl.

Although similar qualitative results were obtained with both substrates,
using casein as substrate, the differences in the stabilization with the
inactivation pH value decreased, becoming quite similar.

3.7. Operational stability of the biocatalyst

The double modified biocatalyst was utilized in 6 consecutive 6-hour
reaction cycles at 37°C, and Fig. 10 shows the results. The activity of the
biocatalysts in hydrolysis of casein is not altered after these 6 cycles.
Moreover, a similar experiment in the hydrolysis of hemoglobin main-
tained extremely low levels of hydrolysis during the 6 cycles (always in

19

the range of 1 % of the activity of the initial glyoxyl-ficin biocatalyst
(results not shown)).

4. Conclusions

The results reported in this paper show how the generation of tailor-
made steric problems to the access of large versus the access of smaller
macromolecules may be accomplished, achieving biocatalysts that
mainly hydrolyze small proteins while becoming almost fully unable to
modify large proteins. However, this only may be achieved after a
careful design of the biocatalyst; it is not simple to nullify the activity
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Fig. 10. Operational stability of different immobilized ficin biocatalysts. More specific details can be found on the Methods section. Squares: ficin-hemoglobin-

dextran-glyoxyl; solid circles: ficin-glyoxyl.

versus large proteins, and even more complex to suppress the activity
versus proteins of a size similar to that of the immobilized proteases. The
generation of steric hindrances using only the coimmobilization with
large proteins or the modification with aldehyde dextran enabled to
increase enzyme specificity versus small proteins, but only the joint use
of both strategies enables the almost complete nullification of the ca-
pacity of the immobilized ficin to hydrolyze large proteins. The positive
effects of the modification make this strategy a promising one for the
preparation of industrial biocatalysts intended to selectively hydrolyze
small proteins.
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