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Abstract

of araujiain in hydrolytic and synthetic processes.

In this work, araujiain (enzymatic preparation obtained from the latex of Araujia hortorum fruits) was successfully immobilized on
glyoxyl-agarose via multipoint covalent attachment. Thus, good efficiency of immobilization and high operational stability of immobilized
enzyme were obtained. The activity of araujiain at alkaline pH was significantly improved after immobilization. In addition, immobilized
araujiain also showed high activity and good stability, without significant loss in its activity, at temperatures between 37 and 60°C and
in the presence of immiscible organic solvents. Immobilized araujiain also showed good performance in a mixture of 50% ethyl acetate
in buffer, used for peptide synthesis, with better results than when the free enzyme was used as catalyst. These results indicate that
immobilized araujiain via multipoint covalent attachment can be highly stabilized and this method might be used for practical applications
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Introduction

Proteases are a family of enzymes that play a prominent role
in plant physiology. These enzymes are catalysts of processes such as
storage of proteins during seed germination, activation of proenzymes,
and degradation of defective proteins [1,2]. Due to their good solubility
and stability, proteases are widely used in medicine and industry. In
particular, alkaline proteases have applications in leather processing
(3], laundry detergents [4], production of protein hydrolysates [5]
and food processing [6-8]. The recent application of proteases to the
production of certain peptides and peptides derivatives has received
great attention as a viable alternative to the chemical approach [9-13].
This wide range of applications insures proteases the first place in the
world market of enzymes.

In the last decades, proteolytic plant enzymes have received
special attention due to their property of being active in a wide
range of temperature and pH values [13-15]. Although the market of
commercial proteases includes a high number of proteases with high
proteolytic activity and available at a low cost, there is a need to
discover new plant sources of more active and more specific proteases.

As the number of practical applications increase, the requirement
for bulk amounts of enzyme becomes a limiting factor. Therefore,
immobilization is considered to be one possible way to allow the reuse
of the enzyme [16-19]. In addition, because immobilization induces
rigidification of the enzyme, avoids enzyme aggregation and autolysis,
provides considerable stability towards temperature variations and
organic solvents and generates a more suitable environment, a high
enzymatic stabilization may be achieved [20,21].

Immobilization on solid carriers is perhaps the most used
strategy to improve the operational stability of biocatalysts [20,22].
Among the immobilization methods available, multipoint covalent
attachment is the most effective in terms of thermal stabilization
[23], although gel-entrapped has also been reported to provides thermal
stabilization [24,25].

Glyoxyl or glutaraldehyde activated supports have been proven to
be quite efficient in increasing tertiary enzyme stability via multipoint
covalent attachment, since the formation of additional covalent bonds

increases the rigidity of the immobilized enzyme [23]. Immobilization
on glyoxyl-carriers occurs at alkaline pH, via the area on the proteins
surface richest in lysines. The main advantage of this protocol is the
high stability usually achieved.

In this contribution, an immobilized and highly stabilized
biocatalyst of araujiain on glyoxyl-agarose via multipoint covalent
attachment was accomplished. This enzymatic preparation consisting
on three papain-like cysteine peptidases was obtained from the latex
of Araujia hortorum fruits (a climbing plant that grows in Brazil,
Paraguay, Uruguay and Argentina) [26-28]. Araujiain has been
demonstrated to be a successful biocatalyst for the synthesis of
amide bonds in aqueous-organic media [9]. N,N-dimethylformamide
(with low water content) and mixtures of the Tris-HCI buffer (0.1 M,
pH 8.5) and hexane, ethyl acetate or propanone in 50:50 ratio were
selected to perform the peptide synthesis catalyzed by araujiain. The
maximum conversion (35%) was obtained using ethyl acetate as
organic medium [9]. In later work, araujiain was immobilized on
diverse supports: i) deposited onto polyamide araujiain demonstrated
to be good catalyst for the condensation of coded and non- coded
Cbz-amino acids and amines such as amino alcohols and amino
acetals in acetonitrile containing 1% (v/v) water [13]; ii) the use of
titanium dioxide as support for the immobilization of araujiain led
to an immobilized biocatalyst with a high protein concentration but
with partial deactivation with respect to the native enzyme [29]; iii)
entrapped within alginate beads araujiain showed good performance
in the peptide synthesis using aqueous-organic media and a secondary
structure with a high a-helical character was responsible for the
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highest activity of entrapped araujiain [25,30]. Although, it has been
proved the remarkable enzymatic activity of araujiain immobilized on
diverse supports, there are no studies in the literature reporting the
multipoint covalent immobilization of araujiain.

Because of the high biotransformation potential of araujiain,
the present study is a natural continuation of our previous work.
The main objective was to improve catalytic performance and stability
of araujiain through multipoint covalent immobilization on glyoxyl-
agarose for its application to the peptide synthesis in organic medium.
The results were compared with those obtained with free araujiain. To
our knowledge, this is the first report dealing with the immobilization
of araujiain on glyoxyl-agarose and its use in the biocatalysis.

Material and Methods

Materials

Synthetic  substrates L-pyroglutamyl-L-phenylalanyl-L-leucine
p-nitroanilide (PFLNA), L-phenylalanine methyl ester (Phe-
OMe-HCI), N-(benzyloxycarbonyl)-L-alanine (Z-Ala) and

N-(benzyloxycarbonyl)-L-alanine p-nitrophenyl ester (ZAla-pNo)
were supplied by Bachem (California, USA). Bovine Serum Albumin
(BSA) and casein from bovine milk were purchased from Sigma
Chemical Co. The rest of the chemicals used in this work were of
analytical grade and solvents (hexane and ethyl acetate) were of HPLC
grade.

Proteolytic extract preparation

Araujiain is a proteolytic extract obtained from the latex of fruits
of Araujia hortorum Fourn. (Asclepiadaceae) containing papain-like
cysteine proteases. The latex obtained by superficial incisions of fruits,
gathered in 0.1 M citrate-phosphate buffer (pH 6.5) containing 5mM
EDTA and cysteine as preservatives, was centrifuged at 16,000 x g (30
min at 4°C) in order to discard gums and other insoluble materials.
The supernatant was then ultracentrifuged (100,000 x g (60 min at
4°C)) and this new supernatant, called araujiain, was fractionated
and conserved at -20°C for further studies. Cation exchange
chromatography of araujiain reveals the presence of three fractions
with proteolytic activity, according to previously described studies
by Priolo and Obregén [26,28]. The protein content was estimated
according to Bradford’s assay using BSA as standard [31]. Whereas
that the proteolytic activity of araujiain was determined using casein
as substrate in Tris-HCI buffer (0.1 M, pH 8) at 37°C. Caseinolytic
activity was expressed as an arbitrary enzymatic unit (Ucas),
according to Priolo et al. [32].

Immobilization of araujiain

Araujiain was immobilized on glyoxyl-agarose gel via multipoint
covalent attachment. Glyoxyl-agarose gel was prepared by
etherification of agarose 10 BLC (Hispanagar) with glycidol and
further oxidation of the resulting glyceryl-agarose gel with periodates
[33]. The immobilization process was carried out according to the
protocol used by Guisan [23] with modifications [34]. For this purpose,
10 g of the activated support were suspended in 25 mL of 0.1 M sodium
bicarbonate buffer (pH 10) containing an appropriate amount of
araujiain so as to get a ratio of 35 mg enzyme/g carrier. The obtained
suspension was gently stirred at 25°C during 20 h. Aliquots of the
supernatant and whole suspension were withdrawn at different times
and the catalytic activity was measure as described below. The protein
content of araujiain solution was determined before and after its
contact with the support. The difference in the protein content of the

araujiain solution (before and after of immobilization) was considered
as the amount of the immobilized enzyme. Finally, derivatives were
reduced for 30 min at 25°C adding 0.025 M sodium borohydride
(NaBH ). The gel was washed with distilled water and 0.1 M Tris-HCl
buffer (pH 8.0).

Hydrolytic activity assays of immobilized araujiain

In order to make more accurate the study of the effect
of immobilization on the enzyme activity, the hydrolytic activity of
immobilized araujiain was measured using a specific chromogenic
substrate for papain-like thiol proteases (L-pyroglutamyl-L-
phenylalanyl-L-leucine p-nitroanilide (PFLNA)). The assay was
carried out according to Obregén [15]: 0.1 mL of biocatalyst (0.12 g
immobilized araujiain/mL) was added to 1.5 mL of phosphate buffer
(0.1 M, pH 6.5) containing 0.3 M KCI, 10 mM EDTA, 3 mM DTT
(Dithiothreitol) and 0.18 ml of 4 mM PFLNA. For comparison,
an adequate dilution of free araujiain was also tested under same
conditions. The liberation of p-nitro aniline from PFLNA by hydrolysis
of the thiol protease was estimated spectrophotometrically at 410
nm during 3 min of reaction at 37°C in an orbital shaker at 160
rpm. One unit of protease activity (IU) was defined as the amount of
protease which liberated one micromole of p-nitro aniline per minute
in the assay conditions. These assays were carried out by triplicate, and
Standard Deviation (SD) was calculated.

Effect of pH and temperature

The effect of pH on activity of free and immobilized araujiain was
studied in the pH range from 5 to 11, after 3 min of reaction at 37°C,
using PFLNA as substrate in 25 mM sodium salts of “Good” buffers
(MES, MOPS, TAPS, AMPSO and CAPS) [35].

The effect of temperature was tested by measuring free and
immobilized araujian activity at temperatures varying between 27
and 70°C, after 3 min of reaction in 0.1 M phosphate buffer pH 6.5
and using PFLNA as substrate. Additionally, thermal stability was
evaluated as residual activity (%) under standard assay conditions,
after incubation the enzyme in absence of substrate between 5 and
120 min at 37, 45, 55, 65 and 75°C in 0.1 M phosphate bufter pH 6.5.
The enzyme activity prior to incubation was taken as 100 % at each
assayed temperature. All reported results were the average values of
three replicates for each experimental condition. Variation coefficients
((Sd Mean) 100) of reported values were less than 2.5% for activity
assays, calculated in each case from triplicate results.

Effect of organic solvents on hydrolyticactivity of immobilized
araujiain

The immobilized enzyme (2.1 IU/g carrier) suspended in 0.1 M
phosphate buffer pH 6.5 was incubated for 4 h at 37°C under controlled
stirring, with an organic phase (hexane or ethyl acetate) at 1:1 ratio.

Samples were withdrawn at desired time intervals to test the hydrolytic
activity using PFLNA as substrate.

Peptide synthesis catalyzed by immobilized araujiain

Enzymatic peptide synthesis catalyzed by immobilized araujiain
was carried out in an aqueous-organic medium formed by Tris-HCl
buffer (0.1 M, pH 8.5) and ethyl acetate at 1:1 ratio, according to
conditions established in previous studies [9,25]. The condensation
reaction was initiated by mixing the aqueous phase containing
the immobilized enzyme (2.1 IU/g carrier) and 4mM Phe-OMe as
amino component, with the organic phase containing the carboxylic
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component (Z-Ala or Z-Ala-pNo). The reaction was conducted at 37°C
in stopper flask under stirring at 160 rpm during 24 h. At time
intervals, aliquots were analyzed by HPLC. Simultaneously, blanks
with identical composition but without the enzyme and with only
the enzyme in the organic system, were analyzed. Gilson HPLC
System (Model 712) equipped with a C-18 Luna (5 pm), 250mm X
4.60mm column (Phenomenex) was used. The eluent was a mixture of
acetonitrile and water (1:1 ratio), containing 0.1% (v/v) trifluoroacetic
acid (TFA), at flow rate of 0.8 mL/min (254 nm at 25°C).

Results and Discussion

Process of immobilization

The general conditions for the immobilization of araujiain on
glyoxyl-agarose were selected in function of i) the immobilization of
other enzymes on glyoxyl-agarose; ii) previous knowledge on the
preparation and characterization of the proteolytic extract from A.
hortorum (Asclepiadaceae) fruit latex, and iii) the non-deactivating
conditions for the proteases present in the enzymatic extract: the
use of high pH values does not affect the performance of araujiain
[13,26,28,36]. Since biocatalysts are designed to perform their activities
in aqueous medium and in organic media, the pH value is important,
since it is well established that enzymes “remember” the pH of the
last aqueous solution in which they were dissolved and, after water
removal, their ionization state remains unchanged (i.e., the optimum
to display its maximum activity) [37].

The proteolytic extract obtained from latex of A. hortorum
fruits, named araujiain, was characterized in terms of its protein
content and specific activity. The total protein content of araujiain
was 5.4 mg protein/mL and the specific activity was 12.8 Ucas/
mg protein (68.4 Ucas/mL araujiain) when casein was used as
substrate. Previous studies of Priolo and Obregén [9] reveal the
presence of three fractions with proteolytic activity contained in this
enzymatic extract [26,28]. Such fractions (called araujiain hl, hII
and hIIT) have synergistic activity and show better performance at
different pH and temperatures in the proteolytic extract that when
each working alone and isolated. Although the immobilization of the
enzymatic extract obtained in a laboratory containing several enzymes
is not an ideal situation, numerous researches have been carried out
using this mixture of enzymes [18,38-41]. The properties observed
using these crude preparations will be the average of the whole mixture
of enzymes able to catalyze the studied reactions.

According to established conditions for the araujiain
immobilization, a high percentage of the immobilized enzyme was
achieved (~96%) (Figure 1). Although 5 h were enough to achieve
the maximum amount of immobilized araujiain, an additional time of
20 hwasused toincrease amultipoint attachment. It is wellknown
that long contact periods between enzyme and active support allow the
formation of more stable enzyme-support bonds thereby promoting an
increase in the stability of the enzyme [42]. After such time, the highest
immobilization yield (defined as the ratio between the activity of the
immobilized enzyme and the activity of the free enzyme) was obtained
(~80%; corresponding to 2.1 IU/g carrier).

Immobilized enzymes are preferred as they can be recycled,
resulting in lower production costs. The operational stability of
immobilized araujiain was determined for thirty consecutive cycles.
Each cycle was defined as the number of enzymatic reactions carried
out using PFLNA as substrate, as described in the Material and methods
section. Up to twenty six consecutive cycles, no loss of enzymaticactivity

was observed (Figure 2). Thereafter, a decrease in activity (< 10%)
between 27th and 30th cycles was observed. Thus, the immobilized
enzyme could be reused for several cycles without substantial loss of
activity retaining more than 90% of its initial activity. The decrease
(<10 %) in enzyme activity during repeated use might be due to the
frailty associated to agarose structure and the behavior of agarose gels
under stirring [43].

As it was demonstrated in previous studies, when araujiain is
immobilized onto TiO_its amidasic activity is drastically reduced
with the number of uses (the immobilized catalyst retained ~20% of
its initial activity after five cycles) [29]. When araujiain is entrapped
into alginate beads, 78% of the initial enzymatic activity is maintained
after twenty cycles [25]. Thus, it was demonstrated better operational
stability unlike to previous case or some examples in the literature
where some entrapped enzymes in alginate show a minor possibility
of reuse [25]. Comparing these results with those obtained when
agarose was used as support, it can be concluded that the formation
of araujiain-agarose covalent bonds improved the performance of the
immobilized enzyme and allowed its use without loss of activity in
successive cycles of hydrolytic reactions.
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Figure 1: Time course of immobilized araujiain on activated agarose.
Immobilized araujiain (%) corresponds to the difference in the protein content
of araujiain determined before and after of immobilization.
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Figure 2: Residual activity (%) of immobilized araujiain after thirty cycles of
the hydrolytic reaction. Each cycle was defined as the number of enzymatic
reactions carried out during 3 min at 37°C and using PFLNA as substrate.
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Effect of pH and temperature

The effect of pH on the activity of free and immobilized araujiain
was analyzed in the pH range from 5 to 11. The curve of free
araujiain peaked at pH 7, whereas immobilized araujiain shifted at
the optimal pH of about 2 units toward the high pH side (from 7 for
free araujiain to 9 for immobilized araujiain) (Figure 3). The residual
activity of the free enzyme decreased as pH increased. In contrast,
the activity of the enzyme against alkaline pH was significantly
improved upon immobilization, probably due to the stabilization
of enzyme molecules resulting from the multipoint attachment on
the surface of agarose. At lower pH ranges, immobilized araujiain
showed lower activities than free araujiain (Figure 3). A change in
pH would affect the intramolecular hydrogen bonding leading to a
distorted conformation that would reduce the activity of the enzyme.
The conformation of the free enzyme would be more favorable in the
low pH range [44].

To analyze the effect of temperature, araujiain immobilized on
glyoxyl-agarose was subjected to a range of temperatures from 27
to 70°C (Figure 4). The free enzyme was simultaneously tested at
those temperatures and then compared with the immobilized form.
The optimum temperature for the free enzyme was 37°C. After the
immobilization process, a shift in such temperature was observed and
immobilized araujiain exhibited highest activity at 45°C (Figure 4a).
As it can be observed, the immobilized enzyme was able to retain
a high activity between 30 and 60°C. Hydrophobic interactions and
other secondary interactions of immobilized araujiain might impair
the conformational flexibility, needing higher temperatures for the
enzyme molecule to reorganize and attain a proper conformation to
keep its reactivity [24].

The thermal stability of both free and immobilized araujiain was
also analyzed. As it can be observed in figure 4b, the free enzyme was
stable at temperatures ranging between 37 and 55°C, after 120 min of
incubation. When the temperature was higher, a drastic inactivation
was observed. After the same time of incubation, immobilized
araujiain was activated, showing a high hydrolytic activity at 55°C,
whereas it was able to retain 70% and 40% of initial activity at 65 and
75°C, respectively (Figure 4b). High activity and good stability, without
significant loss in its activity, was observed at the temperatures studied.
It is important to highlight that araujiain immobilized on a matrix
of glyoxyl-agarose showed similar performance to that observed when
araujiain is entrapped in alginate beads [25].

Enzyme thermal inactivation is the consequence of the breaking
of the intermolecular forces responsible for maintaining the three-
dimensional structure, leading to a reduction in its catalytic capacity
[45]. The higher stability of immobilized araujiain upon heating may
be ascribed to the stabilizing effects of the covalent and secondary
interactions between the enzyme and the support [46]. As it is well
known, the activation of a support with agents as glycidol generates
high concentration of aldehyde groups on the support surface [18,47].
Aldehyde groups in the support and amine groups in the enzyme from
lysine residues are a good choice to achieve multipoint attachment and,
therefore, to obtain highly thermo-stable enzyme derivatives [48,49].
Thermal stability upon immobilization is the result of molecular
rigidity and the creation of a protected microenvironment.

Effect of immiscible organic solvents on the hydrolytic activity
of immobilized araujiain

The use of organic solvents as reaction media can thus expand the
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Figure 3: Effect of pH on the activity of free and immobilized arauijiain,
measured in the pH range from 5 to 11, after 3 min of reaction at 37°C and
using PFLNA as substrate.
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Figure 4: Effect of temperature on the (a) activity (measured at temperatures
from 27 to 70°C, after 3 min of reaction) and (b) stability (after 120 min of
incubation at temperatures from 37 to 75°C) of free and immobilized arauijiain.

repertoire of enzyme-catalyzed transformations [50]. Nevertheless,
organic solvents may affect the conformational stability of biocatalysts
because these may interact with the hydration layer essential for
activity and proper folding, or may alter the protein structure by direct
interactions with protein solvation sites [51]. It has been previously
demonstrated that free araujiain is not inactivated in aqueous-
immiscible organic systems and that it has higher activity in these
systems than in buffer [36,52,53]. The partition of the organic solvents
into the aqueous phase reduces the autolysis degree and produces a
considerable activation of araujiain [52]. In this opportunity and
taking into account such considerations, hexane and ethyl acetate
were selected to study the organic solvent effect on the hydrolytic
activity of immobilized araujiain in aqueous-organic mixtures (0.1
M Tris-HCI buffer (pH 8.5) and water-immiscible organic solvents
at 50:50) as a function of time. This was expressed as a percentage of
the initial activity in buffer. High activity and stability were observed
in both aqueous-organic media (Figure 5). Nevertheless, the highest
activity of immobilized araujiain was observed in 50% (v/v) hexane.
High activity as well as a good stability of the immobilized preparation
in organic solvents is one important feature to consider as it allows
the use of the enzyme as catalyzer of reactions which are not possible
in aqueous phase.

Application of immobilized araujiain to biocatalysis

Araujiain immobilized on glyoxyl-agarose was used as catalyzer
for the synthesis of a precursor of a bitter dipeptide of commercial
interest for the food industry (Z-Ala-Phe-OMe). The synthesis was
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performed in a mixture of Tris-HCl buffer and ethyl acetate (1:1
ratio). Such medium of reaction was selected on the basis of the
results previously obtained when the reaction was catalyzed by free
araujiain [9]. Although high hydrolytic activity of free araujiain is
observed in 50% (v/v) hexane, the enzyme is not able to synthesize
Z-Ala-Phe- OMe in such medium.

Enzymatic peptide synthesis can be achieved by two different
approaches thermodynamically controlled synthesis or kinetically
controlled synthesis. In the thermodynamic approach, the acyl
donor (an N-terminally protected amino acid) reacts with an
acceptor (nucleophile), resulting in the formation of an amide
bond. Thermodynamically controlled synthesis is slow and the
thermodynamic equilibrium must be shifted towards the synthetic
direction by means of product precipitation, water withdrawal, or
organic solvent addition [54,55]. In contrast, the kinetic approach
involves a C-terminally activated acyl donor that reacts with the
nucleophile to give the product in high yields in generally shorter
reaction times than the thermodynamic approach [55].

For the kinetically controlled peptide bond formation, Z-Ala-pNo
was used as the carboxylic component. The highest concentration of the
dipeptide Z-Ala-Phe-OMe (2.23 mM) corresponding to the maximum
product conversion (Xp: 57.5%) was obtained after 1 h of reaction
(Figure 6a). The parameter Xp, which represents the amount of
product obtained as a function of the limiting reagent, was defined as
the relation between the dipeptide concentration (mM) and the initial
concentration (mM) of the limiting reagent (Phe-OMe) [9]. The Xp
value here reported was 1.67-fold higher than that obtained when the
free enzyme was used as catalyst under the same reaction conditions
[9]. In addition, araujiain immobilized onto agarose showed higher
performance than those observed when it was entrapped into alginate
beads [25]. After 1h of reaction, a decrease in the amount of dipeptide
Z-Ala-Phe-OMe was accompanied by an increase in the by-product
Z-Ala-Phe, with a maximum conversion of 32% after 9 h of reaction
(Figure 6a).

When the peptide synthesis was thermodynamically controlled,
lower yields were obtained (Xp: 25.25%) after 24 h of reaction (Figure
6b). Nevertheless, such value of peptide conversion was 1.74-fold
higher than that reported using the free enzyme under the same
conditions [9]. After the same reaction time, the results showed here
were similar to those obtained when the entrapped araujiain was used
as catalyzer [25].

Conclusions

In this work, araujiain was successfully immobilized on glyoxyl-
agarose by multipoint-attachment: i) good efficiency of immobilization
and high operational stability of immobilized enzyme were obtained;
ii) the activity of araujiain at alkaline pH was significantly improved
after immobilization; iii) immobilized araujiain also showed high
activity and good stability at temperatures between 37 and 60°C
and in the presence of immiscible organic solvents; iv) immobilized
araujiain also showed good performance in a mixture of 50% ethyl
acetate in buffer, used for peptide synthesis, with better results
than when the free enzyme was used as catalyst. This behavior
can be related to the covalent linkage and secondary interactions
(ionic and polar stabilization, hydrogen bonding, etc.) between the
enzyme and the support, which enhance the stability of araujiain
structure. Thus, considering the low cost of the enzymatic extract used
as protease source, the good efficiency of the immobilization and the
high operational stability of the immobilized enzyme, this method
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carboxylic components and Phe-OMe as amino component. Xp represents the
amount of product obtained as a function of the limiting reagent.

might be used for practical applications of araujiain in different
applications of biotechnological interest.
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