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A trypsin was purified from pyloric caeca of pirarucu (Arapaima gigas). The effect of metal ions and pro-
tease inhibitors on its activity and its physicochemical and kinetic properties, as well its N-terminal
sequence, were determined. A single band (28.0 kDa) was observed by SDS–PAGE. Optimum pH and tem-
perature were 9.0 and 65 �C, respectively. The enzyme was stable after incubation for 30 min in a wide pH
range (6.0–11.5) and at 55 �C. The kinetic parameters Km, kcat and kcat/Km were 0.47 ± 0.042 mM, 1.33 s�1

and 2.82 s�1 mM�1, respectively, using BApNA as substrate. This activity was shown to be very sensitive
to some metal ions, such as Fe2+, Hg2+, Zn2+, Al3+, Pb2+, and was highly inhibited by trypsin inhibitors. The
trypsin N-terminal sequence IVGGYECPRNSVPYQ was found. The features of this alkaline peptidase sug-
gest that it may have potential for industrial applications (e.g. food and detergent industries).

� 2012 Elsevier Ltd. Open access under the Elsevier OA license.
1. Introduction

Proteases comprise the class of enzymes most used worldwide,
accounting for 60% of the world’s total enzyme production (Gupta,
Beg, & Larenz, 2002). This is due to the diversity of applications
that these proteins, mainly alkaline proteases, have in various
industries, e.g. food, detergents, pharmaceuticals (Espósito et al.,
2009a; Klomklao, Benjakul, Visessanguan, Simpson, & Kishimura,
2005). Several studies report that fish viscera can be used as an
important source of alkaline proteases (Bezerra et al., 2005;
Khantaphant & Benjakul, 2010; Klomklao, Kishimura, Nonami, &
Benjakul, 2009a; Souza, Amaral, Espírito Santo, Carvalho, & Bezer-
ra, 2007). These residues, which are usually discarded, represent a
significant source of these enzymes. The use of alkaline proteases
from aquatic organisms, especially trypsin, has markedly increased
in recent years, since some proteases are stable and active under
harsh conditions (high temperature and pH) and in the presence
of surfactants or oxidising agents (Espósito, Amaral, Marcuschi,
Carvalho, & Bezerra, 2009b; Klomklao et al., 2005). Furthermore,
the recovery of proteolytic enzymes from fish viscera represents
an interesting alternative when the aim is to minimise the eco-
nomic losses and ecological hazards caused by this waste (Bouga-
: +55 81 21268576.
).

sevier OA license.
tef, Souissi, Fakhfakh, Ellouz-Triki, & Nasri, 2007; Souza et al.,
2007).

Trypsin (EC 3.4.21.4) is one of the most studied fish digestive
proteases. This enzyme belongs to the serinoproteases family and
is responsible for many biological processes, e.g. protein digestion
itself, zymogen activation and mediation between the ingestion of
food and assimilation of nutrients (Klomklao, Benjakul, Visessan-
guan, Kishimura, & Simpson, 2007).

Trypsins have been extracted, purified and characterised from
the viscera of various commercial fish, such as Oreochromis niloti-
cus (Bezerra et al., 2005), Katsuwonus pelamis (Klomklao et al.,
2009a) and Lutjanus vitta (Khantaphant & Benjakul, 2010).

Tropical regions are home to a large diversity of fish species
with distinct feeding habits, which explain the differences among
enzyme compositions of these organisms. The carnivorous fish,
pirarucu (Arapaima gigas), is considered the largest freshwater fish
in the world, reaching over 200 kg in weight and up to three
metres in length, whose geographic distribution area predomi-
nantly covers the Amazon basin (Nelson, 1994). A. gigas is consid-
ered a species of considerable commercial interest, and is one of
the most highly priced species in the Brazilian fish market. Accord-
ing to IBAMA (2008), in 2006 about 1237 tons of this fish were
caught in Brazilian waters. Although pirarucu farming is still incip-
ient, the species has shown great potential because of its peculiar
characteristics, such as: excellent quality of meat, free of thorns,
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large consumer acceptance, rusticity, air-breathing capacity and
high growth rates, which can range from 7–10 kg in the first year
of farming establishment (Imbiriba, 2001; Pereira-Filho et al.,
2003).

Since pirarucu is a large fish, its processing generates a
considerable amount of waste, including viscera. In the light of this
fact, the objective of this study was to establish a purification
protocol, and to characterise and evaluate the possibility of using
the digestive tract (pyloric caeca) of A. gigas as a potential source
of trypsin.
2. Material and Methods

2.1. Materials

Specific substrate, inhibitors, Sephadex� G75 and DMSO were
purchased from Sigma (St. Louis, MO, USA). Benzamidine–
Sepharose was purchased from GE Healthcare (Buckinghamshire,
UK). All salts and acid solutions were purchased from Merck
(Darmstadt, Germany) and all SDS–PAGE reagents and molecular
mass marker were from Bio-Rad Laboratories (Ontario, Canada).
The Universidade Federal Rural de Pernambuco (Recife-PE, Brazil)
kindly donated cultivated juvenile specimens of A. gigas for this
study.

2.2. Specimens collection and enzyme extraction

The experimental cultivation of A. gigas was conducted in exca-
vated tanks (250 m2) located in the Estação de Aquicultura Conti-
nental Johei Koike – Universidade Federal Rural de Pernambuco,
Recife-PE, Brazil. The animals were fed a commercial diet provided
by Purina S/A, Brazil, containing 40% crude protein. Mean length of
A. gigas specimens was 76.8 ± 12.2 cm and mean weight was
4118 ± 1.8 g. After 40 days, three specimens were sacrificed in an
ice bath for biometric measurements and tissue removal, according
to standard methodology described by Bezerra et al. (2001). The
pyloric caeca were dissected, carefully cleaned with deionized
water, and kept at 4 �C during transportation to the laboratory
(�30 min). After this, the tissues (16 g) were homogenised in
0.1 M Tris–HCl pH 8.0 (200 mg of tissue/ml buffer), using a tissue
homogenizer (4 �C) (IKA RW 20D S32, China). The homogenate
was then centrifuged (Sorvall RC-6 Superspeed Centrifuge, North
Carolina, USA) at 10,000g for 20 min at 4 �C. The supernatant
(crude extract) was stored at �25 �C and used for further purifica-
tion steps.

2.3. Enzyme purification

Trypsin was purified, following a four-step procedure: heat
treatment, ammonium sulphate precipitation, molecular size
exclusion chromatography (Sephadex� G-75) and affinity chroma-
tography (benzamidine-agarose). Crude extract (60 ml) was incu-
bated at 45 �C for 30 min and centrifuged at 10,000g for 10 min
at 4 �C. The supernatant was collected and fractionated into three
fractions with ammonium sulphate (F1, 0–30%, F2, 30–90% of sat-
uration and SF, final supernatant) for 2 h at 4 �C. Afterwards, the
precipitate containing trypsin activity was collected by centrifuga-
tion and dialysed against 0.1 M Tris–HCl, pH 8.0. A dialysed sample
(6 mg of protein) was applied on a Sephadex� G75 column
(1.2 � 42 cm), which was eluted with 0.1 M Tris–HCl, pH 8.0, at a
flow rate of 0.34 mlmin�1. Each fraction collected was tested for
tryptic activity. The protein peaks with high specific trypsin activ-
ity were pooled and applied on a benzamidine-agarose column
(1 ml of packed column), which was eluted first with Tris–HCl
0.1 M, pH 8.0. Then, it was eluted with 0.05 KCl–HCl M, pH 2.0,
and collected in 40 ll of 1.5 M Tris–HCl buffer, pH 9.0. Both ben-
zamidine-agarose steps were carried out at the same flow rate
(0.5 mlmin�1). Each fraction was tested for tryptic activity. The
protein peak with the highest trypsin activity was pooled and, after
dialysis against 0.01 M Tris–HCl buffer, pH 8.0, it was stored at
�25 �C to be used in the characterisation experiments. All steps
were analysed by SDS–PAGE.

2.4. Specific activity

Thirty microlitres of 8 mM N-a-benzoyl-DL-arginine-p-nitroanilide
(BApNA), prepared in dimethylsulphoxide (DMSO), was incubated
in microtitre wells with the enzyme (30 ll) and 0.1 M Tris–HCl, pH
8.0 (140 ll). The release of p-nitroaniline was measured as an in-
crease in absorbance at 405 nm in a microplate reader (BioRad
Model X-Mark™, USA). Controls were performed without enzyme.
One unit of enzyme activity is considered as the amount of enzyme
able to produce 1 lmol of p-nitroaniline per minute.

2.5. Protein determination

Protein content was estimated by measuring sample absor-
bance at 280 nm and 260 nm, using the following equation: [pro-
tein] mg/ml = 1.5 � A280nm � 0.75 � A260nm (Warburg & Christian,
1941).

2.6. Sodium dodecylsulphate polyacrylamide gel electrophoresis
(SDS–PAGE)

SDS–PAGE was carried out according to the method described
by Laemmli (1970), using a 4% (w/v) stacking gel and a 12.5% (w/
v) separating gel. Lyophilised samples from the affinity chromatog-
raphy pool (50 lg of protein) and a molecular mass standard were
added to a solution containing 10 mM Tris–HCl (pH 8.0), 2.5% SDS,
10% glycerol, 5% b-mercaptoethanol and 0.002% bromophenol blue,
heated at 100 �C for 3 min and applied onto the electrophoresis gel.
The electrophoretic running was conducted at variable voltage and
constant current conditions. After running, the gel was stained for
protein in a solution containing 0.25% (w/v) Coomassie Brilliant
Blue, 10% (v/v) acetic acid and 25% methanol, for 30 min. The back-
ground of the gel was destained by washing in a solution contain-
ing 10% (v/v) acetic acid and 25% methanol (v/v). The molecular
weights of the protein bands were estimated using the 198–
6.8 kDa molecular mass protein standards (Bio-Rad laboratories).

2.7. Kinetic parameters

The assay was carried out using BApNA as a substrate in the
range of final concentration from 0.025 to 2 mM) and under the
same conditions (pH 8.0 and 25 �C) as described above. The reac-
tion (triplicates) was initiated by adding 30 ll of purified enzyme
solution (21.3 lg of protein/ml). Reaction rates were fitted to
Michaelis–Menten kinetics, using Origin 6.0 Professional.

2.8. Physicochemical properties

The influences of both temperature and pH on trypsin activity of
the A. gigas purified protein were studied as follows: the purified
enzyme was assayed (quadruplicates) at temperatures ranging
from 25 to 80 �C and pH values from 4.0 to 11.5, with various buf-
fers (citrate–HCl buffer for pH 4.0 and 4.5, phosphate–citrate buffer
for pH 5.0–7.0, Tris–HCl buffer for pH 7.5–9.0 and glycine–NaOH
buffer for pH 9.5–11.5), using 8 mM BApNA prepared in DMSO as
substrate, as previously described. The thermal stability of the en-
zyme was determined by assaying (quadruplicates) its activity
after incubation for 30 min at temperatures ranging from 25 to
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70 �C (Souza et al., 2007). After incubation, the samples were left to
cool spontaneously at 25 �C before the enzymatic activity assay.
Enzyme stability, as a function of pH, was determined after pre-
incubation for 30 min using the same buffers in the pH range of
4–11.5. After incubation in buffers, the enzyme activity assay
was performed under standard conditions (pH 8.0 and 25 �C).

2.9. Effects of metal ions

Samples (n = 3) of the purified enzyme (30 ll) were added to a
96-well microtitre plate with 2 mM solution (30 ll) of MnCL2,
BaCl2, LiCl, KCl, CuCl2, CdCl2, ZnCl2, CaCl2, HgCl2, AlCl3, FeCl2 and
PbCl2. Deionised water was used to prepare the solutions of all
metals. After 30 min of incubation, 0.1 M Tris–HCl buffer
(110 ll), pH 8.0, and 8 mM BApNA (30 ll) were added. The p-nitro-
aniline content produced was measured in a microplate reader at
405 nm after 15 min of reaction at 25 �C (Bezerra et al., 2005).

2.10. Effect of inhibitors

Purified trypsin (30 ll) was incubated for 30 min at 25 �C with
protease inhibitors (30 ll, 8 mM): phenylmethylsulphonyl fluoride
(PMSF), a serine-protease inhibitor; N-p-tosyl-L-lysin chloromethyl
ketone (TLCK), a trypsin-specific inhibitor; benzamidine, a trypsin
inhibitor; N-tosyl-L-phenylalanine chloromethyl ketone (TPCK), a
chymotrypsin-specific inhibitor; ethylenediamine tetra-acetic acid
(EDTA), a chelating compound; b-mercaptoethanol, a reducing
agent. After incubation, 8 mM BApNA was added and the release
of p-nitroaniline was measured as the increase in absorbance at
405 nm. The enzyme and substrate blank were similarly assayed
without enzyme and substrate solution, respectively. The 100%
activity values were those established in the absence of the inhib-
itors (Bezerra et al., 2001).

2.11. Effect of NaCl

The effect of NaCl on the activity of alkaline protease was eval-
uated, using BAPNA as a substrate, at pH 8.0 and 25 �C, by adding
NaCl to a final concentration of 0–30% (w/v) to the reaction mix-
ture, according to Klomklao et al. (2009a).

2.12. N-terminal sequence

The N-terminal sequence of the purified enzyme was obtained
according to the method of Edman degradation on a protein se-
quencer PPSQ-23 (Shimadzu Tokyo, Japan) coupled to an HPLC
system.

2.13. Statistical analysis

All values are presented as means ± standard deviations. These
data were statistically analysed by ANOVA, followed by a post
hoc (Tukey–Kramer) test, when indicated. Differences between
groups were accepted as significant at the 95% confidence level
(p < 0.05).

3. Results and discussion

The purification of alkaline protease from pyloric caeca of pira-
rucu is summarised in Table 1. A 1.2 purification factor was ob-
tained with the yield of 35.4%, when ammonium sulphate, at a
saturation degree of 30–90% (F2), was used. An insignificant activ-
ity was detected in the F1 fraction (0–30% of saturation) and no
activity was observed in the final supernatant fraction (SF). There-
fore, fraction F2 was chosen to be applied to a Sephadex� G75 col-
umn. After this step, a 7.7-fold increase was observed in specific
activity, with a yield of 33.2%. The chromatograms of the protein
elution and the trypsin activity profiles are shown in Fig. 1A. Other
studies that used the same methodology to purify tropical fish
trypsins, reported chromatogram profiles which were similar to
those obtained in the present research with the Sephadex� G75
column (Bezerra et al., 2001; Bezerra et al., 2005; Souza et al.,
2007). This reinforces the reproducibility of the methodology de-
scribed by Bezerra et al. (2001) for the purification of trypsin from
the viscera of tropical fish. The highest trypsin activity was found
in the second protein peak. Therefore, this peak was pooled and ap-
plied to a benzamidine–agarose affinity chromatography column.
After elution, only one peak with trypsin activity was observed
(Fig. 1B). A 24.9-fold increase was observed in specific activity,
with a yield of 17.4%. It is known that one of the most important
limiting factors for the commercial use of fish processing waste
as a source of proteases is the strategy of protein purification (Sou-
za et al., 2007). In fact, these methodologies are generally high in
cost and time-consuming (Bezerra et al., 2001). However, the pro-
cedures, as well as the raw material (fish viscera), used in the pres-
ent study are of relatively low cost, being therefore easily adapted
for processing on an industrial scale. Furthermore, the use of these
proteases in some industries, such as food and detergent, does not
require a high degree of purity, which makes the process more eco-
nomically viable. Using heat treatment (followed by ethanolic pre-
cipitation) of alkaline proteases from the crude extract of intestine
from Colossoma macropomum, Espósito et al. (2009a) reported the
large potential of its fractions as adjuvants in detergent formula-
tions. Moreover, the crude extract was clearer when this process
was employed, and the characteristic fish smell was also
eliminated.

The purified sample showed only one band on SDS–PAGE with a
molecular mass of approximately 28.0 kDa (Fig. 2A). According to
the literature, fish trypsins have molecular weights between 23
and 28 kDa, which is confirmed for other fish species, such as: L.
vitta (23 kDa) (Khantaphant & Benjakul, 2010), K. pelamis
(24 kDa) (Klomklao et al., 2009a), Sardina pilchardus (25 kDa)
(Bougatef et al., 2007) and Pomatomus saltatrix (29 kDa) (Klomklao
et al., 2007).

The kinetic parameters, such as the Michaelis constant (Km), the
catalytic constant (kcat) and catalytic efficiencies (kcat/Km) of
purified enzyme were determined using BApNA as substrate (Table
2). The Km is used to assess the affinity of the enzyme for the
substrate and the results showed that alkaline trypsin from A. gigas
have a similar affinity for BApNA, when compared with other
species of fish and mammals, except for spotted goatfish
(Pseudupeneus maculatus) (Souza et al., 2007) and Monterey
sardine (Sardinops sagax caerulea) (Castillo-Yáñez, Pacheco-Aguilar,
Garcia-Carreño, & Toro, 2005). The catalysis rate (kcat – enzymatic
reactions catalysed per second) of the purified enzyme is also sim-
ilar to the values found for the trypsin from other animals, except
for brownstripe red snapper (L. vitta) (Khantaphant & Benjakul,
2010). Moreover, the ability of A. gigas trypsin to catalyse the trans-
formation of substrate into product (kcat/Km) varied, to different ex-
tents, in comparison with the results found for trypsins from other
animals (Table 2).

The effect of pH on pirarucu trypsin activity was evaluated and
is shown in Fig. 2A and B. The enzyme showed maximum activity
at pH 9.0, although more than 80% of its maximum activity was ob-
served in the pH range 8.0–10.0. The loss of enzyme activity at pH
values outside optimum pH is probably due to protein conforma-
tional changes caused by repulsion of charges (Klomklao et al.,
2009a). The purified protease was stable over a large pH range,
from 6–11.5 (Fig. 2B). This indicates that the conformational
change, caused by the charge repulsion in this pH range, is revers-
ible. In general, trypsins of aquatic organisms are active and stable



Table 1
A summary of the purification of trypsin from A. gigas pyloric caeca. Except for the heated crude extract (45 �C for 30 min), all steps were performed at 4 �C. The size exclusion and
affinity chromatographies were performed on Sephadex� G75 and benzamidine-agarose columns, respectively.

Purification steps Total protein amount (mg) Total activity (U) Specific activity (U mg) Yield (%) Purification (folds)

Crude extract 479 179 0.37 100 1.0
Heated crude extract 476 182 0.38 102 1.0
Ammonium sulphate (30–90%) 146 63.5 0.44 35.4 1.2
Size exclusion chromatography 34.6 59.4 2.87 33.2 7.7
Affinity chromatography 3.5 31.3 9.33 17.4 24.9

Fig. 1. (h) k = 280 nm. (d) k = 405 nm (activity using BApNA). (A) Chromatogram obtained using a Sephadex� G75 column with activity of fractions. A dialysed sample F2
(6 mg of protein), was applied on column (1.2 � 42 cm), which was eluted with 0.1 M Tris–HCl pH 8.0 at a flow rate of 0.34 mlmin�1. (B) Chromatogram of benzamidine–
agarose column with activity of fractions. The protein peaks with high specific proteolytic activity obtained using a Sephadex� G75 column were pooled and applied on
benzamidine-agarose column (1 ml of packed column and flow rate 0.5 ml min�1). Each fraction was tested for tryptic activity using BApNA as substrate. (C) SDS–PAGE
electrophoresis 12.5%. Lane 1 – MM standard (Myosin > b-galactosidase > Bovine serum albumin > Ovalbumin > Carbonic anhydrase > Soybean trypsin inhibitor > Lysozyme).
Lane 2 – Sample (50 lg of protein) of activity pool from affinity chromatography.
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in a pH range from 7.5 to 10.0, being able to hydrolyse various sub-
strates (De Vecchi & Coppes, 1996). This feature of fish proteases,
such as the pirarucu trypsin, suggests the possibility of its use as
an additive in detergents formulations, since detergent formula-
tions use enzymes that are active in high alkaline pH ranges. Sim-
ilar results were found for optimum pH and stability of trypsins
from other fish, such as: Eleginus gracilis (pH 8.0 and pH 6.0–
10.0, respectively) and Gadus macrocephalus (pH 8.0 and pH
7.0–10.0, respectively) Fuchise et al. (2009), Theragra chalcogram-
ma (pH 8.0 and pH 6–11, respectively) (Kishimura, Klomklao, Ben-
jakul, & Chun, 2008), S. pilchardus (pH 8.0 and pH 6–9.0,
respectively) (Bougatef et al., 2007), P. maculatus (pH 9.0) (Souza
et al., 2007), S. sagax caerulea (pH 8.0 and pH 7.0–8.0, respectively)
(Castillo-Yáñez et al., 2005), O. niloticus (pH 8.0) (Bezerra et al.,
2005) and C. macropomum (pH 9.5) (Bezerra et al., 2001).

The effect of temperature on purified trypsin activity was eval-
uated and is shown in Fig. 2C and D. The purified enzyme showed
maximum activity at a temperature of 65 �C and was stable in the
temperature range 25–55 �C for 30 min, losing only about 10% of
its activity at 60 �C. According to Klomklao et al. (2005), most of
the alkaline proteases from aquatic organisms are stable and active
under adverse conditions, i.e. temperatures from 50 to 60 �C. This
and other features make these proteases an interesting target for
several industrial segments, such as the detergent and food indus-
tries. Similar results of optimum temperature and thermostability
were found for trypsins from other tropical fish, such as: P. macul-
atus (55 and 45 �C, respectively) (Souza et al., 2007) and C. macrop-
omum (60 and 55 �C, respectively) (Bezerra et al., 2001). Fuchise
et al. (2009) found an optimum temperature of 50 �C for trypsins
of Gadus macrocephalus and E. gracilis. These results showed that
even some species that live in cold waters have trypsins that pres-
ent an optimum temperature similar to that of tropical and tem-
perate zone fish trypsins. It is not known why the digestive
enzymes from fish and other aquatic organisms present high activ-
ity at temperatures well above the habitat temperature. Probably,
the answer to this question lies in the need for adaptations and
natural selection of their ancestors due to climate changes that
took place during their evolution.



Fig. 2. Effects of pH, temperature and NaCl concentration on the activity of purified A. gigas trypsin. (A) Optimum pH for activity of enzyme, utilising various buffers in the pH
range 4.5–11.5. (B) pH stability of enzyme, after incubation for 30 min in the pH range 4.0–11.5, using pH 9.0 as optimum pH. Effect of temperature on the enzyme from A.
gigas, in a temperature range of 25 to 80 �C. (C) Optimum temperature for activity of enzyme. (D) Thermal stability of enzyme, after 30 min of incubation in the temperature
range 25–70 �C. (E) Effect of addition of NaCl (0–30%; w/v) in the reaction mixture, on the activity of enzyme. All assays were carried using BApNA as substrate.

Table 2
Kinetic parameters of trypsin from A. gigas and other animals.

Species Km (mM) kcat (s�1) kcat/Km (s�1 mM�1) References

Pirarucu (Arapaima gigas) 0.47 1.37 2.83 Present work
Suine 0.82 1.55 1.89 Outzen, Berglund, Smalås, and Willassen (1996)
Monterey sardine (Sardinops sagax caerulea) 0.051 2.12 41.0 Castillo-Yáñez et al. (2005)
Bigeye snapper (Priacanthus macracanthus) 0.31 1.06 3.4 Hau and Benjakul (2006)
Brownstripe red snapper (Lutjanus vitta) 0.50 4.71 9.27 Khantaphant and Benjakul, 2010
Spotted goatfish (Pseudupeneus maculatus) 1.82 nd* nd* Souza et al. (2007)
Nile tilapia (Oreochromis niloticus) 0.76 nd* nd* Bezerra et al. (2005)

* nd – not determined.
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Some enzymes require an additional chemical component
(cofactor), such as inorganic ions, to be active. On the other hand,
heavy metals constitute one of the main groups of aquatic pollu-
tants. The effect of metallic ions (1 mM) on the activity of enzyme
was evaluated and is presented in Table 3. At this concentration,
the ions K+, Mg2+and Ba2+ did not promote any significant effect
on enzyme activity. However, A. gigas trypsin was shown to be
more sensitive to divalent (Cd2+, Cu2+, Fe2+, Hg2+, Zn2+ and Pb2+)
and especially to trivalent (Al3+) cations. The ion Ca2+ has been re-
ported in the literature as a trypsin activator in several organisms,
especially mammals. However, pirarucu trypsin was slightly inhib-
ited in the presence of low concentrations of this ion (1 mM). This
same effect has been observed for trypsins from other tropical fish,
such as Nile tilapia (O. niloticus) (Bezerra et al., 2005) and spotted
goatfish (P. maculatus) (Souza et al., 2007). These findings point
to a possible difference in the structure of the primary calcium-
binding site between mammalian pancreatic trypsin and the tryp-
sin from these fish (Bezerra et al., 2005). A recent study, based on
the use of fluorescent protease substrates and commercial inhibi-
tors has indicated that fish trypsins may differ in structure and cat-
alytic mechanism, when compared to mammalian enzymes
(Marcuschi et al., 2010). Previous studies have shown that tryp-
sin-like enzymes from other tropical fish also showed sensitivity
to metallic ions (Bezerra et al., 2001; Bezerra et al., 2005; Bougatef
et al., 2007; Souza et al., 2007), especially Cd2+, Al3+, Zn2+, Cu2+, Pb2+

and Hg2+ (1 mM). It is known that Cd2+, Co2+ and Hg2+ act on sul-
phhydryl residues in proteins and Bezerra et al. (2005) report that
the strong inhibition promoted by these metallic ions demon-
strates the relevance of sulfhydryl residues in the catalytic action
of this protease. This is confirmed by the 2-mercaptoethanol inhi-
bition (38%) observed in the present study. The variation in inten-
sity of inhibition found by some authors may be a consequence of
species diversity, and of these species adaptations to the aquatic
environment.

To obtain more evidence that the purified protein from A. gigas
is a trypsin, assays were carried out with specific and nonspecific
inhibitors, where the effect of other chemicals agents was also
Table 3
Effects of ions and inhibitors on the activity of trypsin from pirarucu pyloric caeca.

Ions and inhibitors Activity (U/mg) Inhibition (%)

Control* 9.33 ± 0.07 0

Metal ions (1 mM)
K2+ 9.30 ± 0.20a 0
Mg2+ 9.29 ± 0.12a 0
Ba2+ 9.34 ± 0.14a 0
Mn2+ 9.02 ± 0.26a 3
Ca2+ 8.62 ± 0.13b 7
Li2+ 8.65 ± 0.18b 7
Cd2+ 5.58 ± 0.01c 40
Cu2+ 4.65 ± 0.02c 50
Fe2+ 2.88 ± 0.01d 69
Hg2+ 1.86 ± 0.26e 80
Zn2+ 1.77 ± 0.02e 81
Al3+ 0.84 ± 0.2f 91
Pb2+ 0.00 ± 0.01g 100

Inhibitor (8 mM)
TPCK 9.32 ± 0.08a 0
TLCK 0.0b 100
Benzamidine 0.19 ± 0.07b 98
PMSF 1.4 ± 0.1c 85
2-Mercaptoethanol 5.72 ± 0.13d 38
EDTA 9.34 ± 0.05a 0

* Activity without ions or inhibitors. The initial concentration for used for the assay
with inhibitors was 8 mM. The final concentration used the assay with ions was
1 mM. phenylmethylsulphonyl fluoride (PMSF), N-p-tosyl-L-lysin chloromethyl
ketone (TLCK), N-tosil-L-phenylalanine chloromethyl ketone (TPCK), Ethylenedia-
mine tetraacetic acid (EDTA). Different superscript letters represent statistical dif-
ferences (p < 0.05, n = 3).
evaluated, as shown in Table 3. The classical trypsin inhibitors
(TLCK and benzamidine) completely inhibited proteolytic activity,
which was also inhibited (85%) by PMSF (a serinoprotease inhibi-
tor). The reducing agent 2-mercaptoethanol inhibited pirarucu
trypsin activity by 38%. Neither EDTA nor TPCK, a chelating agent
and specific chymotrypsin inhibitor, respectively, led to any signif-
icant effect on pirarucu trypsin activity. The results obtained with
inhibitors (TLCK, benzamidine and PMSF) give evidence that this
enzyme is trypsin-like. The results obtained with EDTA suggest
that the enzyme does not require any ion for an efficient catalysis.
The effect of 2-mercaptoethanol is manifested by rupture in disul-
phide bonds, affecting mainly extracellular proteins, such as diges-
tive proteases that are often rich in this type of bond,
which improves its stability. However, Bougatef et al. (2007) re-
ported that trypsin from S. pilchardus was not inhibited by 2-
mercaptoethanol. Other purified fish trypsins were inhibited by
the classic specific trypsin inhibitor TLCK and the serinoproteases
inhibitor PMSF: Coryphaenoides pectoralis (Klomklao, Kishimura,
& Benjakul, 2009b), P. saltatrix (Klomklao et al., 2007), O. niloticus
(Bezerra et al., 2005).

The effect of NaCl on the activity of purified trypsin from A. gigas
was evaluated and is shown in Fig. 2E. Trypsin activity decreased
with increasing NaCl concentration, showing 65%, 51% and 42% of
residual activity at concentrations of 5%, 10% and 15% NaCl (w/v),
respectively. This fact can be explained in the light of the salting-
out phenomenon, which varies for different proteins and salts.
The assessment of enzyme activity under non-physiological osmo-
larity is an important factor, because most industrial processes
may occur under such condition. Klomklao et al. (2007) found that
trypsin activity from the fish P. saltatrix decreased with increasing
NaCl concentrations. However, the trypsin retained about 60% of
its activity in the presence of 30% NaCl. Klomklao et al. (2009a) also
observed the same effect in two trypsin isoforms from the fish K.
pelamis, where trypsin A and B retained about 40% and 50% of their
activity in 25% NaCl, respectively. According to Klomklao et al.
(2007), proteolytic activity at high salt concentrations suggests the
possibility of using trypsin in the fermentation process of fish sauce.
Fig. 3. Alignment of the N-terminal amino acids of trypsin from A. gigas with other
fish and mammalian trypsins. 1 (This study), 2 (GenBank: acession number
AF541952), 3 and 4 (Fuchise et al., 2009), 5 (GenBank: acession number AY510093),
6 (Marcuschi et al., 2010), 7 (Kishimura, Hayashi, Miyashita, & Nonami, 2006a), 8
(Kishimura et al., 2008), 9 (Kishimura et al., 2006a), 10 (Hermodson, Ericsson,
Neurath, & Walsh, 1973), 11 (Walsch, 1970) and 12 (Emi et al., 1986).
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Fifteen N-terminal amino acids (IVGGYECPRNSVPYQ) of trypsin
isolated from A. gigas were determined and aligned with the N-ter-
minal sequences from other fish and mammalian trypsins (Fig. 3).
It can be observed that the trypsin from pirarucu showed a great
homology with the trypsin from the tropical zebrafish and with
the trypsin from the cold zone fish, pacific cod. The purified pira-
rucu trypsin also has high homology with saffron cod, a fish native
to cold regions, in the first nine N-terminal amino acids (IVG-
GYECPR). However, the pirarucu trypsin, characterised in the pres-
ent study, did not show the same degree of homology with the
trypsin from the Amazonian fish tambaqui, which occupies the
same niche. Furthermore, A. gigas trypsin has the sequence
NSVPYQ at position 10–15, which is also present in porcine and hu-
man trypsin. The first seven residues (IVGGYEC) determined for the
pirarucu trypsin are conserved in most fish, with rare exceptions,
such as tilapia, which has a replacement of Val by Iso in the second
position. In most mammals, the replacement of Glu by Thr or Asp is
observed at position 5, but other positions are conserved. A. gigas
trypsin had a Pro residue at position 8, where Ala or Lys is common
in fish trypsin. The Cys residue at position 7 (Cys-7) is conserved in
all trypsins from fish and mammals analysed to (present) date and,
according to Stroud, Kay, and Dickerson (1974), the bovine trypsin
has a disulphide bond between Cys-7 and Cys 142. By observing
the conservation of Cys-7 in trypsins of various animals, there is
the possibility that a disulphide bond (Cys-7/Cys-142) occurs in
other trypsins, like fish trypsins. This bond is essential for the
structure and function of these enzymes.

4. Conclusions

An alkaline protease was purified from the pyloric caeca of Ara-
paima gigas. The characterization, with specific substrate, inhibi-
tors and the N-terminal sequence, demonstrated that this
protease is a trypsin. Moreover, it showed interesting features,
such as high activity and stability over a large alkaline pH range,
thermostability and activity at elevated salt concentrations. These
characteristics have confirmed that fish viscera may, under indus-
trial conditions, be used as a source of trypsin with potential for
industrial applications.
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