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In this work, we analyzed the structural changes of araujiain entrapped into alginate beads. Araujiain is
an enzymatic preparation containing three known enzymatic fractions with each fraction individually
presenting a similar catalytic performance. Fluorescence and infrared spectroscopy, thermal analysis
and residual catalytic activity studies were carried out. A small red shift in the spectrum of araujiain was
observed after the entrapment process. Changes in the polarity around the tryptophan (Trp) residues were
associated with an enzyme conformational change. From the Fourier transform infrared spectroscopy

ifz L‘:;;;riiS: (FTIR) analysis, it was demonstrated that interactions between the enzyme extract and Ca alginate
Entrapment caused different structural behavior in araujiain. According to the diffuse reflectance infrared Fourier

transform spectroscopy (DRIFT) study, it was possible to conclude that a secondary structure with a high
a-helical character was responsible for the highest activity of entrapped araujiain. Finally, from thermal
analysis measurements, it was proved that entrapment of araujiain augments the thermal stability of
both the enzyme extract and Ca alginate, indicating a possible interaction between enzyme extract and
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its support.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

The successful application of biological entities (enzymes, anti-
bodies and other proteins) in biotechnology depends on the ability
to stabilize a biological component in an unnatural environment
while retaining its function and activity. This stabilization is fre-
quently achieved by entrapment or immobilization in organic and
inorganic structures and has proved to be beneficial for protein
digestion and separation, biosensors, biocatalysis, drug delivery
and tissue engineering [1-9].

In particular, enzymes are versatile biocatalyst, possessing some
excellent properties (such as high activity and chemio-, region-
and stereospecificity) that render them able to perform various
reactions under mild conditions. Among these, the use of par-
tially purified enzymes as catalysts in multistep synthetic organic
chemistry has become widespread [10-13]. Unfortunately, these
properties are not always adequate for industrial applications [14].
Due to different working conditions used in reaction media and
enzyme extraction steps, a loss of catalytic activity can be expe-
rienced in such applications. However, these disadvantages can be
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overcome by protein immobilization into a solid structure, increas-
ing the protein stability [15,4]. This approach provides scope to
enhance the ability of enzymes to catalyze specific reactions in a
hostile environment.

The immobilization of enzymes using the entrapment process
into biopolymers matrices can lead to increased enzyme sta-
bility, one of the key properties for industrial applications. The
enzymes are retained within a confined space, with restricted
conformational mobility that contributes to the observed stabil-
ity enhancement [16,17]. In fact, it has also been shown that
the entrapment process can protect enzymes against exposure
to extreme pH conditions, and can prevent enzyme leaking dur-
ing catalysis. These factors are important from both an economic
and environmental standpoint, and have long been highlighted as
important advantages of the entrapment process [18,19]. Among
several supports employed for enzyme entrapment, alginate has
shown suitable characteristics for this purpose. It also has inter-
esting biological and chemical properties: it is biodegradable,
biofuel-compatible, bioactive, nontoxic and may be chemically
modified [20-22].

In a previous work, the entrapment of araujiain (partially puri-
fied cystein phytoprotease) within calcium alginate beads was
carried out successfully and its application to biocatalysis was
proved [23]. Partially purified enzymes or crude extracts are
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currently used, taking into account that, for industrial applica-
tions, enzyme purity is usually of secondary importance to the cost
[14,24]. The entrapment process was demonstrated to improve the
catalytic activity and operational stability of araujiain. In particular,
the entrapped enzyme exhibited a higher activity and both ther-
mal and storage stability. These results demonstrate that hydrogel
carrier (alginate) is able to provide a protective microenvironment
for the enzyme. Additionally, changes in araujiain catalytic activity
could be addressed in the context of the enzyme conformational
changes after entrapment.

This work deals with the study of structural changes using a par-
tially purified enzyme extract (araujiain). We highlight changes of
the enzyme microenvironment when the extract is entrapped in an
alginate matrix. Both free and entrapped enzyme, were analyzed by
fluorescence and FTIR spectroscopy and thermogravimetric anal-
ysis (TGA). Finally, the enzyme residual activity as a function of
temperature was evaluated.

2. Material and methods
2.1. Materials

Araujiain is a partially purified enzymatic preparation obtained
from the latex of fruits of Araujia hortorum Fourn. (Asclepiadaceae).
This preparation contains three cysteine proteases (araujiain hl, hll
and hlll) belonging to the papain family. Such proteases have previ-
ously been biochemically studied in detail [25,26]. The Laboratorio
de Investigacién de Proteinas Vegetales (LIPROVE) kindly provided
the enzyme extract which was prepared according to Priolo et al.
[25].

All chemical used in this work were analytical grade and sup-
plied by Sigma (St. Louis, USA).

2.2. Proteolytic activity assays

The measurement of the proteolytic activity (free and immo-
bilized araujiain) was carried out using N-a-benzoyl-DL-arginine
4-nitroanilide (BAPNA) as substrate (5mg/mL). After 120 min of
incubation in buffer Tris-HCl (0.1 M, pH 8.5) at different tempera-
tures (37-70°C), the absorbance of the p-nitroaniline released was
measured spectrophotometrically at 410 nm. Enzymatic units (IU)
were obtained by performing a standard curve of p-nitroaniline.
The residual activity was measured in term of the relative activity,
which was calculated as the percentage ratio of specific activity at
a given temperature (after 120 min of incubation) to the specific
activity at the optimum temperature (after 5min of incubation).
Variation coefficients ((Sd Mean—1) x 100) of reported values were
less than 1.5% for activity assays, calculated in each case from trip-
licate results.

2.3. Immobilization of araujiain within alginate beads

Araujiain was immobilized within calcium alginate beads (using
sodium alginate of viscosity 20,000-40,000 cps). Sodium alginate
solution was prepared in distilled water and the final concentration
was adjusted at 2% (w/w) considering that using this concentration,
the maximum yield of immobilization was obtained [23]. Beads
were formed by dropping sodium alginate solution (15 mL) con-
taining araujiain (15 mg/mL sodium alginate solution) through a
syringe fitted with a needle of 1 mm diameter into CaCl, solution
(200 mL, 0.1 M). The solution was gently stirred for 30 min to avoid
beads deformations. Then, beads were collected, washed with dis-
tilled water and stored at 4 °C. The amount of protein was estimated
by known Bradford dye binding method using serum albumin as the
standard protein. The protein content of the immobilized araujiain
was calculated by subtracting the amount of free protein at the end

of the immobilization process from the protein originally added.
Whereas, the yields of immobilization was calculated as the ratio
of the activity of immobilized enzyme to the activity of the free
enzyme used. High protein content of the immobilized araujiain
(~98%) and high yields of immobilization (~91%) were obtained.

2.4. Fluorescence measurements

Tryptophan (Trp) fluorescence spectra were measured at 25°C
using a Shimadzu RF-5301PC spectrofluorimeter (Shimadzu Cor-
poration, Analytical Instrument Division, Kyoto, Japan) equipped
with a Xenon discharge lamp and solid sample holder. The excita-
tion and emission spectral bandwidths used were 1.5 nm. Samples
were excited at 295 nm to minimize the emission arising from tyro-
sine residues, while the emission spectrum was recorded between
300 and 450 nm. Results were reported as the means of studies
performed in triplicate.

The free araujiain was analyzed in aqueous solution (200 l/mL),
while the entrapped araujiain was analyzed as film. The film was
prepared containing araujiain in relation to 15 mg/mL alginate (2%)
in the precursor solution. 10 mL of araujiain/alginate solution was
poured into a Petri dish. 30 mL CaCl, 0.1 M solution was further
added. After consolidation (2 h), the obtained film was washed with
distilled water and the film was then stored in an oven at 50 °C. The
film thus obtained has a thickness of 50 um and was measured with
a Koéfer Micrometer (accuracy + 1 wm).

2.5. Infrared spectroscopy

The diffuse reflectance infrared Fourier transform spectroscopy
(DRIFT) and Fourier transform infrared spectroscopy (FTIR) spectra
were measured at 25°C using Nicolet Protégé model 460 spec-
trophotometer, provided with Csl beam splitter between 4000
and 225cm~!. A total of 128 interferograms, at a resolution of
4cm~!, were acquired. DRIFT samples were analyzed as powder
(free enzyme extract was obtained as powder, while the blank
beads and enzyme entrapped were ground to fine powder after
consolidation, and were stored in dry conditions at 4°C). DRIFT
analyses were carried out based on at least five replicate measure-
ments, obtaining 95% of reproducibility.

For measuring FTIR, a total of 3% (w/w) of the sample (blank
beads, free and entrapped enzyme), with respect to the potassium
bromide (KBr) disc, was mixed with dry KBr and annealed into
a disc using a hydraulic press. This process has previously been
shown not to alter IR spectra of proteins [27,28]. The basis line was
corrected using the OMNIC spectrophotometer program and the
characteristic peaks were recorded.

2.6. Thermal analysis

Dynamic weight loss tests were conducted on a thermogravi-
metric analyzer Shimadzu TA51 (TGA) and a differential thermal
analyzer Shimadzu TA50 (DTA). Samples were ground to fine pow-
der and measurements were performed using a temperature range
of 25-400°C at a heating rate of 10°C/min, using N, as purge
(20 mL/min) and air as reaction gas (50 mL/min). Alumina was used
as areference standard to the DTA analysis. For both DTA and TGA,
Pt pan was used.

3. Results and discussion
3.1. Fluorescence measurements
It has been reported that the maximum emission wavelength of

a fluorophore depends on the environmental polarity around the
molecule [29]. Therefore, the fluorescence signal can be used as an
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Fig. 1. Fluorescence emission spectra of free (dash dot line) and entrapped araujiain
(solid line). Both samples were excited at 295 nm and the spectra were obtained at
25°C.

optical probe to analyze the effect of the microenvironment on the
protein tertiary structure containing Trp [30]. Although the struc-
tural basis of araujiain has not yet been elucidated, it is known that
papain-like cystein proteases, including araujiain, usually have at
least one Trp residue in their N-terminal sequence [25,26]. The Trp
fluorescence spectra of free and entrapped araujiain are shown in
Fig. 1. Araujiain showed a fluorescence emission band when was
excited with a radiation at 295 nm, proving that at least one Trp
residue is present in the protein molecule. As can be observed,
the emission maximum of the free enzyme was at 335 nm. After
the entrapped process, there was a small red shift of the fluores-
cence and an emission maximum at 340 nm was observed. It is
important to note that the entrapped enzyme has a higher local con-
centration that the free enzyme solution, causing a higher intensity
band.

Changes in emission spectra from Trp can be seen in response
to protein conformational transitions, subunit association, ligand
binding or denaturation, all of which can affect the local envi-
ronment surrounding the indol ring [29]. The small red shift in
the spectrum of the entrapped form of the enzyme indicates that
Trp residues have more polarizable surroundings [31]. Changes
in the polarity around the Trp residues may be associated with a
conformational change of the enzyme. It is a reasonable assump-
tion that a structural modification of an enzyme alters its catalytic
activity.

3.2. Infrared spectroscopy

The alginate gel confines the enzyme to a restricted space.
The interaction of the enzyme with the functional groups on the
surface of beads, or large areas of contact between enzyme and
support, have the potential to alter protein function in several
ways, including changes in protein conformation (secondary and
tertiary structures) [32]. FTIR spectroscopy was carried out in order
to detect interactions between araujiain and alginate.

Fig. 2 gives FTIR spectra of calcium alginate beads (blank
beads), free araujiain and araujiain immobilized within calcium
alginate beads within the wavenumbers ranges of 4000-500 cm™!.
Characteristic bands appeared in the alginate beads spectrum at
3447 cm~! due to hydroxyl groups, and at 1639 and 1434 cm™!
due to asymmetric —COO~ stretching vibration and symmetric
—COO~ stretching vibration, respectively (Fig. 2a), while peaks
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Fig. 2. FTIR spectra of a: calcium alginate beads (blank beads), b: free araujiain and
c: entrapped araujiain.

around 1036 cm~! are attributed to the stretching of C—O—C. Arau-
jiain spectrum showed a broader band at 3422cm~! due to the
0—H and N—H stretching vibration, and also a band at 2926 cm™!
with a shoulder at 2854 cm~!, both due to C—H stretching vibration
(Fig. 2b). As is already known, the spectrum region that originates
from the carbonyl stretching of the peptide group shows bands
associated with the secondary structure of a protein [27]. Accord-
ingly, two defined bands at 1731 and 1716 cm~"! and a broad band
that included narrow peaks at 1649, 1639 and 1619 cm™!, repre-
senting the secondary structure of proteins, were observed in the
free araujiain spectrum (Fig. 2b).

The entrapped araujiain showed a similar spectrum to free form
in the wavenumber ranges of 4000-2000cm™!, but with broader
bands and shifted towards higher wavenumber than free enzyme
extract (Fig. 2c). In contrast, bands at 1731 and 1716cm™! in the
free form spectrum were shifted to a lower wavenumber (1725
and 1705 cm™!, respectively) and these showed higher intensity
after entrapment (Fig. 2c). These shifts and intensity band changes
are probably due to the hydrogen bond. The covalent bonds in the
donor and acceptor groups are weaker, while the energy barrier
for angle deformation becomes higher. Hence, in the groups that
are involved in the hydrogen bond formation, vibration frequency
decrease with the simultaneous increase in the vibrations defor-
mation frequency [33].

The above analysis demonstrated that interactions between
the enzyme and alginate after the immobilization process caused
different structural behavior of araujiain and, consequently, its cat-
alytic activity was increased.

Structural information is obtained by analysis of the conforma-
tionally sensitive amide I band, which is located between 1600 and
1700 cm~1[27,34-37]. This band is present due to the in-plane C=0
stretching vibration, weakly coupled with C-N stretching and in
plane N-H bending [37]. Each type of secondary structure (i.e. a-
helix, B-sheet, B-turn and disordered) gives rise to different C=0
stretching frequencies, resulting in characteristic band positions,
which are designated by wavenumber (cm~1).

In order to improve the analysis of the secondary structure
of araujiain, avoiding the use of deconvolution of the band at
1700-1600cm~!, DRIFT spectroscopy was used. Thus, throughout
the amide band I of the DRIFT image for both free and entrapped
araujiain, we were able to predict the distribution of the sec-
ondary structure. In Fig. 3, the spectra of both enzyme forms can
be observed. The maximum intensity of the free araujiain spectrum
was found at 1633 cm~! (-sheet structure), followed in intensity
byabandat 1653 cm~! (random structure)and aband at 1683 cm™!
(B-turn structure). The entrapped araujiain spectrum showed a
band of maximum intensity at 1653 cm~! (random structure) fol-
lowed by two bands of lower intensity at 1647 and 1683 cm™!
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Fig. 3. DRIFT spectra of free (dash dot line) and entrapped araujiain (solid line).

(random and B-turn structure, respectively). The frequency assign-
ment for the amide I band components were performed according
to methodology described in a previous study [27].

Araujiain is an enzymatic preparation containing three frac-
tions (hl, hIl and hlII). Each fraction individually presents a similar
catalytic performance to the enzymatic preparation [25,26]. Fur-
thermore, the infrared spectral signals are an average contribution
of the all protein molecules in the sample. Therefore, the above
analysis can be used to provide information about conformational
changes in the araujiain after the entrapment process.

After the immobilization process, an over 1.5-fold increase in
the percentage of the a-helix component and a decrease in the per-
centage by over 1.7-fold of the 3-sheet component were observed.
Larger amounts of antiparallel B-sheet residues indicated the
formation of tight intermolecular hydrogen bonds and larger quan-
tities of enzymatic aggregates in the free enzyme. These results
agreed with fluorescence studies, indicating an enzymatic confor-
mational change in alginate matrix. The results from IR allowed us
to conclude that the protein secondary structure has been modi-
fied, evidencing an increase of catalytic activity after entrapment
process [23].

The analysis of second derivative allows for the analysis of sim-
ilarity between two spectra. Prestrelski et al. have developed a
mathematical procedure to calculate the spectral correlation coef-
ficient (similarity, r) between two second derivative spectra [37].
Such correlation coefficient between two spectra of a given protein
is 1 when there are no conformational changes in the protein. When
conformational changes occur, the spectral differences are signifi-
cant and the coefficient r becomes lower. A coefficient r=0.77 was
obtained for the relation between the free and entrapped araujiain
spectrum.

Although the correlation between enzyme structure and cat-
alytic activity requires direct measurement of both active-site
structure and the effect of the reaction medium on the transition
state of the reaction, it is possible that the non-covalent forces
which maintain the native secondary structure of araujiain could
have been modified when it was immobilized [38-41].

3.3. Thermal analysis

Fig. 4 shows the typical weight loss (TGA) and derivative of
weight loss (DTA) curves of the three samples: blank beads, free
araujiain and entrapped form. Analyzing Fig. 4a, a first mass loss
in the blank beads can be observed, which can be ascribed to the

50 100 150 200 250 300 350 400
TGA b
DTA
T T T T T T T
50 100 150 200 250 300 350 400
TGA c
DTA
T T T T T T T
50 100 150 200 250 300 350 400

Temperature (°C)

Fig. 4. Thermogravimetric curves (TGA and DTA studies) of a: blank beads, b: free
araujiain and c: entrapped araujiain.

elimination of free water. Then, an important endothermic pro-
cess (onset 181 °C) with a mass loss of 24.92% was observed. In a
recent work, Ross et al. have reported the thermal degradation of
alginate acid, Ca and Na alginate [42]. They found that the temper-
atures at which devolatilization starts are 160, 200 and 220°C for
alginate acid, Ca and Na alginate, respectively. The onset at 181°C
in Fig. 4a indicates that blank beads can be a blend of alginic acid
and Ca alginate. At 285 °C an exothermic process with mass loss of
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Fig. 5. Residual activity of both free and entrapped araujiain, after 120 min of incu-
bation at different temperatures (37-70°C).

19.37% can be observed. Lu et al. studied the thermal decomposi-
tion of calcium carboxylic acid salts [43]. These authors report that
beyond 275 °C all compounds analyzed show an exothermic peak
corresponding to CaCO3 formation. This could also correlate to the
thermal event shown in Fig. 4a at 285 °C. The course of CaCO3 for-
mation was reported to occur between 275 and 525°C [43]. It can
at least be observed that Ca alginate also continues its decomposi-
tion through CaCO3 formation with a new exothermic event (onset
390°C).

The mass loss of free araujiain began at 70°C, probably due to
loss of a volatile compound. Then two endothermic events were
present at 109 and 208 °C, respectively (Fig. 4b). Also, exothermic
events occurred beyond 322 °C until total decomposition. Instead,
the mass loss of the entrapped enzyme started at 128 °C (Fig. 4c).
The next endothermic process (onset 185 °C) can be attributed to
the beginning of decomposition (devolatilization) of calcium algi-
nate. When enzyme is entrapped in Ca alginate, the onset of CaCO3
formation temperature reached 306.5°C (against 285°C of blank
beads) and an exothermic protein decomposition event began at
374°C (in free enzyme extract this event occurred at 322 °C). These
results showed that the entrapment of araujiain augments the ther-
mal stability of both the enzyme extract and Ca alginate, indicating
a strong interaction between araujiain and alginate matrix.

It is known that the process of immobilization into a solid sup-
port can influence the thermal stability of an enzyme. As shown
in Fig. 5, the entrapped araujiain showed a higher catalytic activity
after 120 min of incubation at different temperatures (37, 50, 60
and 70°C). The matrix of alginate was able to protect araujiain and
showed ~50% of initial residual activity after 120 min of incuba-
tion at 70°C. This value increased over 4.44-fold when compared
with the free form. Moreover, it was noticeable that thermal event
of 70°C measured in free enzyme extract (Fig. 4b) was not due to
protein denaturalization (Fig. 5). It is important to point that the
residual activities were calculated from specific activities for each
enzymatic form and the residual activity difference is not because
of the difference in the amount of enzymes (both entrapped and
free form) used in the activity assays.

Most proteins lose their biological activity to some degree dur-
ing a physical or chemical modification step such as encapsulation.
However, each protein, due to its unique tertiary and quaternary
structure, responds differently to the modification steps and alter-
ations in its environment [38]. In this sense, araujian appears to be
a robust protein with respect to the entrapment process. Similar
results have been reported in the literature for others immobilized
enzymes [44,45].

4. Conclusion

In this work, structural changes using a partially purified
enzyme extract (araujiain) entrapped into alginate beads were ana-
lyzed using fluorescence and infrared spectroscopy studies. After
the entrapment process, a small red shift in the spectrum of the
entrapped enzyme form was observed. Changes in the polarity
around the tryptophan residues were associated with a conforma-
tional change of the enzyme extract. According to a study of the
secondary structure using DRIFT spectroscopy, it was possible to
conclude that a secondary structure with a high a-helical char-
acter had formed. In addition, from the spectroscopy analysis, it
was demonstrated that interactions between the enzyme and algi-
nate were the cause of the different structural behavior of araujiain.
Consequently, its catalytic activity was increased. This is in marked
contrast to other carrier systems that usually lead to a decrease of
enzymatic activity.

From thermal analysis measurements it was proved that the
entrapment of araujiain in Ca alginate augments the thermal stabil-
ity of both enzyme extract and Ca alginate. These results indicated
a possible interaction between the enzyme extract and alginate
matrix. Evidence of a favorable structural change for the enzyme
extract when entrapped in Calcium alginate was demonstrated by
this study.

Finally, it was demonstrated that hydrogel carrier (alginate) is
able to provide a protective microenvironment for araujiain by
mean of a structural change improving their catalytic activity and
operational stability. In addition, araujian showed robustness with
respect to the entrapment process. Accordingly, this catalyzer can
be used for both hydrolytic and synthetic applications.
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