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Abstract Winged bean [Psophocarpus tetragonolobus (L.)
DC.] seed is a potential underexploited source of vegetable
protein due to its high protein content. In the present work,
undefatted and defatted winged bean seed hydrolysates,
designated as UWBSH and DWBSH, respectively were
produced separately by four proteolytic enzymes namely
Flavourzyme, Alcalase, Bromelain, and Papain using pH-
stat method in a batch reactor. Enzymatic hydrolysis was
carried out over a period of 0.5 to 5 h. UWBSH and
DWBSH produced were tested for their ACE inhibitory
activity in relation to the hydrolysis time and degree of
hydrolysis (DH). Maximum ACE inhibitory activity, both
for UWBSH and DWBSH, were observed during 3 to 5 h of
hydrolysis. Both, UWBSH (DH 91.84 %), and DWSBH
(DH 18.72 %), produced by Papain at 5 h hydrolysis,
exhibited exceptionally high ACE inhibitory activity with
IC50 value 0.064 and 0.249 mgmL−1, respectively. Besides,
papain-produced UWBSH and DWBSH were further frac-
tionated into three fractions based on molecular weight
(UWBSH-I, <10 kDa; UWBSH-II, <5 kDa; UWBSH-III,
<2 kDa) and (DWBSH-I, <10 kDa; DWBSH-II, <5 kDa;
DWBSH-III, <2 kDa). UWBSH-III revealed the highest
ACE inhibitory activity (IC50 0.003 mgmL−1) compared
with DWBSH-III (IC50 0.130 mgmL−1). The results of the
present investigation revealed that winged bean seed hydro-
lysates can be explored as a potential source of ACE

inhibitory peptides suggesting their uses for physiological
benefits as well as for other functional food applications.
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Introduction

The search for functional components in foods has become a
major research area due to their physiological and health
functions. Certain plant-derived compounds such as gluconsi-
nolate, phenolic acids, flavonoids, terpenes and organosulfur
have been found to have bioactive properties (Li et al. 2004a;
Marczak et al. 2003; Menotti et al. 1999; Yust et al. 2003).
Similarly, bioactive peptides constitute another group of func-
tional compounds which are present in foodstuff as such, or
may be released by hydrolysis of proteins. Recent studies on
the potential health benefits of bioactive peptides has urged
the need to explore their possible uses against several chronic
diseases, in particular the hypertension (Lim 2012).

The intrinsic bioactivities of the peptides encoded in food
proteins are latent until they are released and activated by
enzymatic hydrolysis during gastrointestinal digestion and food
processing (Yust et al. 2003). Bioactive peptides are mainly
produced during protein hydrolysis by the action of cysteine
proteases and serine proteases such as Alcalase, Flavourzyme,
Papain and Bromelain. In addition to their production by pro-
tein hydrolysis in foodstuffs during processing and during
digestion in the digestive tract, bioactive peptides may also be
produced by controlled enzymatic hydrolysis. With this pur-
pose, protein concentrates or isolates are treated with exoge-
nous proteases in reactors such as batch reactor system.

Protein hydrolysates from certain animal and plant sour-
ces such as casein, whey, tuna muscle, and corn gluten can
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be used to produce peptides with potential ACE inhibitory
properties (Barbana and Boye 2011; Bedroche et al. 2002;
Wijesekara et al. 2011). Several studies have been con-
ducted to produce ACE inhibitory peptides by enzymatic
hydrolysis of plant–derived protein rich materials such as
rapeseed (Marczak et al. 2003), alfalfa (Kapel et al. 2006),
chickpea (Yust et al. 2003), red lentil (Boye et al. 2010),
green lentil (Akıllıoğlu and Karakaya 2009), corn gluten
(Yang et al. 2007) and soybean (Shin et al. 2001).

Generally, antihypertensive activity of certain bio-
peptides is due to inhibition of angiotensin I-converting
enzyme (ACE) which it hydrolyzes decapeptides angioten-
sin I, yielding potent vasoconstrictor octapeptide angioten-
sin II. In addition, ACE hydrolyzes the peptide bradyquinin,
which is a potent vasodilator. ACE inhibitors are applicable
in the prevention of hypertension as mentioned by Mark and
Davis (2000), which proposed for the treatment of cancer
(Lever et al. 1999). Consequently, the urgency for natural
food-born ACE inhibitors compared to the adverse effects
(hypotension, cough, hyperkalemia, headache, dizziness,
fatigue, nausea, and renal impairment) of clinically used
synthetic ACE inhibitors such as Captopril, have guided to
this research (Chopra et al. 2012).

Legumes are excellent source of dietary protein and oils.
Winged bean is one of the important tropical legumes with
high protein content (Lim 2012). Winged bean [Psophocarpus
tetragonolobus (L.) D.C.], a little-known tropical legume, is
grown almost exclusively in Papua NewGuinea and Southeast
Asia, especially in Malaysia (Lim 2012; Claydon 1975;
National Research Council 1981). Winged bean seeds are
considered as a good source of dietary protein because of their
well-balanced amino acid composition, high protein bioavail-
ability, and relatively low levels of anti-nutritional factors. The
seeds have also been reported to contain higher levels of
hydrophobic amino acid residues compared to hydrophilic,
the former contribute effectively towards ACE inhibitory ac-
tivity of peptides (National Research Council 1981).

As far as we know there have been no any earlier studies so
far reported on the ACE inhibitory potential of winged bean
seed proteins. In this study, the undefatted and defatted
winged bean seed protein hydrolysates, produced for the first
time by hydrolysis with four proteases namely Alcalase,
Flavourzyme, Papain and Bromelain were evaluated for their
ACE inhibitory activity. The effects of hydrolysis time and
degree of hydrolysis (DH), on the ACE inhibitory activity of
the hydrolysates produced were also appraised.

Materials and methods

Seeds of Psophocarpus tetragonolobus were obtained from
commercial winged bean farm in Selangor, Malaysia.
Samples were stored in the cold room (5 °C) until analysis.

Flavourzyme 500 MG and Alcalase 2.4L FG with specified
activity 2.4 AU/g (Anson Unit/g) purchased from
Novozyme were used in this investigation. Papain and
Bromelain were purchased from Acros (New Jersey,
USA). Hippuryl-his-leu (HHL) powder and Angiotensin
converting enzyme (ACE) [from rabbit lung], were from
Sigma Chemical Co. (St. Louis, MO, USA). All other
reagents chemicals used in this study were of analytical
grade.

Proximate composition

Winged bean seeds were ground into fine powder using a
grinding machine (Rictec PTE LTD, Singapore). The mate-
rial that passed through a 60-mesh sieve was used for
experimental purposes (Ravindran et al. 1989). The seeds
were defatted by extraction with petroleum ether for 24 h at
room temperature using a soxhlet apparatus. Proximate
composition (moisture, ash, protein and fat contents) of
undefatted and defatted winged bean seeds was investigated
according to the AOAC methods (AOAC 1984). Total ni-
trogen content of winged bean seeds, determined by
Kjeldahl method, was used to calculate the amount of crude
protein by multiplying it with a conversion factor of 6.25
(AOAC 1984). The amount of total carbohydrate was can be
quantified by a difference: 100 %- [% moisture + % protein
+ % fat + % ash]. Crude fiber content was determined
according to AOAC method 962.09 (AOAC 1984).

Amino acids composition

Amino acids composition was studied by reversed-phase
high performance liquid chromatography (RP-HPLC) sys-
tem (Rozan et al. 2000). A Waters HPLC (Hitachi
Instruments, Tokyo, Japan) system equipped with photodi-
ode array detector (model MD-2010; JASCO, Tokyo, Japan)
was used. The samples were hydrolyzed with 6N HCl for
24, 48 and 72 h at 110 °C and then derivatized by phenyl-
isotiocyanate. A 20-μL volume of the derivatized sample
was injected into a C18 reversed phase column (Thermal
C18 5 μ, 250×4.6 mm) maintained at 43 °C. The mobile
phase consisting of buffer A (0.1M ammonium acetate, pH
6.5) and buffer B (0.1M ammonium acetate containing
acetonitrile) and methanol in a ratio of 44:46:10 (v/v, pH
6.5) was flushed through the column at a flow-rate of 1 mL
min−1 using a linear gradient system. The detection of amino
acids was done at wavelength of 254 nm. The identification
of unknown amino acids was based on the comparison of
their retention times with those of pure standards, whereas
for quantification standard calibration curves were used.
The results were analyzed and computed by the Borwin
chromatography software (Version 1.5, Jasco Co. Ltd.,
Japan).

J Food Sci Technol (December 2014) 51(12):3658–3668 3659



Enzymatic hydrolysis of winged bean seed

Hydrolysis of protein was performed according to pH-stat
method in a 1 L reaction vessel (Sartorius Stedim, Germany)
(Adler-Nissen 1986). The jacketed reaction vessel contained
known amount of distilled water at optimum operating temper-
ature of the enzyme used. Undefatted and defatted winged bean
seeds (20 g) were separately hydrolyzed using four selected
proteases under optimum conditions. The protein solution was
equilibrated before addition of the enzyme. The pH, and tem-
perature of the mixture were adjusted to the optimum levels for
each enzyme (Alcalase, pH8.0, 60 °C; Bromelain, pH6.5,
45 °C; Flavourzyme, pH8.0, 55 °C: Papain, pH6.5, 70 °C)
and the hydrolysis was conducted for 5 h. During the hydroly-
sis, the pH of the mixture wasmaintained at the desired level by
adding 1N NaOH or 0.5N HCl using a pH stat instrument
(Metrohm Titrando, Herisau, Switzerland). The solution was
agitated with an over-head stirrer (Fisher Scientific, Germany).
The volume of NaOH used was measured by an auto-titrator
and the data used to calculate the degree of hydrolysis. After 5 h
hydrolysis, the process was terminated by raising the tempera-
ture of the reaction mixture at 95 °C, for 10 min, to inactivate
the enzyme followed by cooling to room temperature. Winged
bean seed hydrolysate was then centrifuged at 10,000 × g for
20 min to separate insoluble and soluble fractions. Finally, the
soluble phase was recovered and preserved at −20 °C, until
used for further analyses.

pH–stat method for calculation of DH

The degree of hydrolysis (DH), is defined as the percent
ratio of the number of peptides dissociated (h) to the total
number of peptide bonds in the substrate studied (htot).
Calculation of DH by the pH-stat method was carried out
using data obtained with a 718 Stat Titrino (Metrohm ion
analysis, Herisau, Switzerland). The base used for maintain-
ing constant pH was 1.0N NaOH. In each case, calculation
was based on the amount of NaOH or HCI added to main-
tain the pH constant during the hydrolysis using the follow-
ing equation (Adler-Nissen 1986):

Where, T is the hydrolysis temperature in Kelvin. The pK is
the average dissociation value for the α-amino groups liber-
ated during hydrolysis and is dependent on temperature, pep-
tide chain length and the nature of the terminal amino acid.
The parameter htot is given meqv peptide bonds per gram of
protein. This was calculated from amino acid analysis by
summing the mmoles of each individual amino acid per gram
of protein. The total number of peptide bonds (htot) in winged
bean seeds was calculated that is 3.589 meqv g−1 protein.

Protein concentration

Protein concentration was determined following the method
of Bradford using protein kit from Merck Chemicals,
Germany (Bradford 1976).

Determination of angiotensin I-converting enzyme inhibition
activity

Angiotensin I-converting enzyme (ACE) inhibition assay was
performed following the method as described by Cheung and
Cushman (1973) with slight modifications. A 50 μL volume,
containing varying concentration of winged bean seeds pro-
tein hydrolysates, was pre-incubated with 20 μL (100 mU
mL−1) ACE solutions at 37 °C for 10 min. The mixture was
then incubated with 100 μL substrate containing 12.5 mM
hippuryl-L-histidyl-L-leucine (HHL), 100 mM borate buffer
(pH8.3), and 300 mM NaCl at 37 °C for 60 min followed by
the termination of the reaction by the addition of 125 μL of
HCI. The released hippuric acid (HA) was extracted with
850 μL ethyl acetate. After centrifugation at 4,000 × g, for
5 min, 650 μL of ethyl acetate was added into a test tube, the
excess solvent was evaporated under vacuum for 2 h. Finally,
HA was dissolved in 1 mL of distilled water and the absor-
bance was noted at 228 nm using a spectrophotometer (U-
2800, Hitachi, Tokyo, Japan). The average value for three
determinations at each concentration was used to calculate
ACE inhibition rate as represented by the following equation:

ACE inhibition %ð Þ ¼ B� A

B� C
� 100

Where A is the absorbance of HA produced in the pres-
ence of ACE inhibitor component, B is the absorbance of
HA produced in the absence of ACE inhibitor component,
and C is the absorbance of HA produced in the absence of
ACE inhibitor component. IC50 value was defined as the
concentration of hydrolysate (mgmL−1) which inhibited
ACE activity by 50 %.

Fractionations of papain-produced UWBSH and DWBSH

Both undefatted and defatted winged bean seeds were hydro-
lyzed with papain at a ratio of protein substrate to enzyme
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DH %ð Þ ¼ h

htot
� 100 ¼ B� Nb

MP
� 1

a
� 1

htot
� 100

Where B is the amount of acid or base consumed (mL) to
keep the pH constant during the hydrolysis. Nb is the normal-
ity of acid or base,MP is the mass (g) of protein (N×6.25), and
α is the average degree of dissociation of the α-NH2 groups

released during hydrolysis expressed as a ¼ 10pH�pK

1þ10pH�pK

Where pH is the value at which the hydrolysis was conducted.
The pK values were calculated using the equation below:

pK ¼ 7:8þ 298� T

298 T
� 2400



(100:1, w/w) at pH6.5 and 70 °C for 5 h, and then boiled for
10 min to inactivate the protease. The hydrolysate was centri-
fuged at 1,000 × g for 20 min to separate the soluble fractions.
The resultant undefatted and defatted winged bean seed hy-
drolysate was fractionated into three fractions (UWBSH-I, <
10 kDa; UWBSH-II, <5 kDa; UWBSH-II, <2 kDa) and
(DWBSH-I, < 10 kDa; DWBSH-II, <5 kDa; DWBSH-II,
<2 kDa) using a molecular weight cut-off membrane
(MWCO, Vivaspin 15 R, Sartorius Stedim, Germany).

Statistical analysis

Results are presented as means ± standard deviation derived
from triplicate analysis. Statistical analysis was performed
with SAS (Statistical Analysis Software 9.1) using one-way
ANOVA. Duncan’s multiple range tests was carried out to
compare means. The differences of means were considered
to be significant at p<0.05.

Results and discussion

Proximate composition of undefatted and defatted winged
bean seed

Proximate composition of winged bean seeds used in the
present study is presented in Table 1. Protein, moisture, fat,
ash, fiber and carbohydrate contents of undefatted winged
bean seed (UWBS) were found to be 27.81±0.50 %, 10.21±
0.80 %, 18.12±0.40 %, 3.52±0.66 %, 11.47±1.03 % and
28.87±0.45 % while for the defatted winged bean seeds
(DWBS) 50.22±0.90 %, 8.41±0.80 %, 0.04±0.02 %, 3.42±
0.32 %, 10.35±0.56 %, and 27.56±0.23 %, respectively. The
protein content of UWBS was 27.81 % which is lower com-
pared to DWBS with the value of 50.22 %. Comparing the
present protein content with those of chickpea seed (23 %)
(Yust et al. 2003), lentil seed (26 %) (Boye et al. 2010), corn
gluten (3.22 %) (Kim et al. 2004) and soybean (36.49 %) (Wu
and Ding 2001), it can be concluded that winged bean seed is
a good source of protein for production of bioactive peptides.
Overall, the defatting process clearly improves DWBS protein
content compared to its original state.

Further analysis on fat for UWBS based on oil extraction
using petroleum ether showed that the sample of UWBS is

also rich in fat (18.12 %) compared to other legumes such as
lentils and chickpea (5.76–6.87 %) (Boye et al. 2010) while
the fat content of DWBS is 0.04 %. It can be concluded that
the fat of DWBS was successfully reduced to a very low
level by the extraction technique. The ash value of UWBS
was 3.52 % which is similar with DWBS (3.42 %). These
findings were in agreement by previous research on Pigeon
pea (Cajanus cajan L.) with the ash value within the range
of 3.3 to 4.9 % (Ghadge et al. 2010; Garcia and Palmer
1980). On the other hand, fiber (11.47 %) and carbohydrate
(28.87 %) contents of UWBS were nearly similar with
DWBS, showing values of 10.35 % and 27.56 %, respec-
tively. Besides, the reported ranges for carbohydrate and
fiber are in the range of the present data with the values of
25.0–45.0 % and 3.5–9.4 %, respectively (Claydon 1975;
Ekpenyong and Borchers 1982).

From biochemical point of view, proteins are polypepti-
des with a unique structure to which there is often attached
non-peptide moieties (carbohydrate, lipids and inorganic
ions) (Gu et al. 2011). High protein content of winged bean
seeds could play a significant role in improving the nutri-
tional status of tropical population. Furthermore, the raw
material of plant protein sources, especially, winged bean
seed is cheaper than that of animal protein and other types of
legumes. This is in agreement with a previous study which
reveals that winged bean have high seed yield potential
compared to soybean, peanut, mung bean, pigeon pea, rice
bean, cowpea and bean (Černý et al. 1971; Lim 2012;
National Research Council 1981). In this context, therefore,
it would be advantageous to produce plant-derived peptides
from winged bean seed. In addition, the cost of protein
extraction from plant raw material is quite low as against
recovery of protein from animal sources. There is also a shift
from consumption of meat proteins, which are relatively
more expensive to the consumption of less expensive plant
proteins. In addition, plants are the primary producers of
protein sources and thus, are more economical sources for
production of bioactive peptides.

Amino acids profile

The content of different amino acids of winged bean seeds
calculated on dry weight basis is given in Table 2. The
amino acid profile of winged bean seeds showed that the

Table 1 Proximate composition (g/100 g sample) of undefatted and defatted winged bean (Psophocarpus tetragonolobus L. DC.) seeds*

Sample Moisture Ash Protein Fat Fiber Carbohydrate

Undefatted winged bean seeds 10.21±0.80a 3.52±0.66a 27.81±0.50b 18.12±0.40a 11.47±1.03a 28.87±0.45a

Defatted winged bean seeds 8.41±0.80a 3.42±0.32a 50.22±0.90a 0.04±0.02b 10.35±0.56a 27.56±0.23b

*Each value represents the mean of three determinations ± standard deviation. Means denoted with different superscript letters within the same
column indicate significant differences (P<0.05) between the two types of samples
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amounts of hydrophobic (65.02 g/100 g protein) amino
acids is higher than hydrophilic amino acids (34.98 g/
100 g protein). The presence of appreciable amounts of
hydrophobic amino acids in winged bean seed protein is
supportive as a previous study on the quantitative structure-
activity relationship (QSAR) modeling between ACE inhib-
itory peptides reveals that hydrophobic amino acid residues
and charged side groups promote ACE inhibitory potential
(Pripp et al. 2005). For hydrophobic amino acid profile of
winged bean seeds, isoleucine dominated among others with
content of 24.75 g/100 g. Glycine was the second most
abundant component (15.36 g/100 g) followed by Valine
(5.51 g/100 g), Leucine (5.05 g/100 g), Tyrosine (3.62 g/
100 g), Alanine (3.10 g/100 g), Proline (3.10 g/100 g),
Cystine (2.05 g/100 g), Phenylalanine (2.02 g/100 g) and
Methionine (0.46 g/100 g). However, hydrophilic amino
acid profile of the winged bean seeds showed glutamic acid
(14.07 g/100 g) to be the most abundant component fol-
lowed by aspartic acid (8.01 g/100 g), lysine (4.61 g/100 g),
arginine (3.53 g/100 g), serine (2.36 g/100 g), thereonine
(1.41 g/100 g) and histidine (0.99 g/100 g).

Amino acid composition of winged bean seed is quite
comparable with that of soybean, which is generally regarded
as the legume with the best quality protein (Černý et al. 1971;
Pospisil et al. 1971). The superiority of winged bean seed over
soybean and casein is in terms of its higher isoleucine content
(24.75 g/100 g) (Lever et al. 1999). Isoleucine, a branched-

chain aliphatic amino acid is predominant in highly active
inhibitors such as ACE inhibitor. On the other hand, lysine
content in winged bean seed seems to be lower than that found
in the literature for Casein (6.6 g/100 g) and Soybean (4.4 g/
100 g) (Černý et al. 1971).

Methionine seems to be the most limiting amino acid in
winged bean seed samples, followed by histidine
(Ekpenyong and Borchers 1982). The content of lysine
(Table 2), 4.61 g/100 g determined in the present work is
in agreement with those reported in the literature
(Ekpenyong and Borchers 1982). Arginine, although not
essential for adults, is essential for children and young
people. The appreciable content of this amino acid in
winged bean seed can contribute to ACE inhibitory activity.
Several ACE-inhibitory peptides have lysine or arginine as
the C-terminal residue contributing substantially to the in-
hibitory potency (Cheung et al. 1980). Proline (3.10 g/
100 g) is also important because of its ACE inhibitory role.

Our results of winged bean seed amino acid analysis
showed that not only the essential amino acids were present
in sufficient amounts, but the non-essential amino acids
were also in adequate quantity. This is important because
protein synthesis is limited not only by the availability of
essential amino acids but also by the speed and efficiency
with which the non-essential amino acids are supplied.
Under the conditions of the used acid hydrolysis, tryptophan
was of course destroyed so we did not detect this compo-
nent. Literature reports reveal that sensitive amino acids,
such as methionine and tryptophan, are detected in smaller
amounts after hydrolysis (Shahidi et al. 1995). Studies have
shown that peptides with high content of phenylalanine,
tyrosine, or proline have potent ACE inhibitory activity at
C-terminal, and branced aliphatic amino acid at the N-
terminal of peptides contributed to improved ACE inhibi-
tion (Li et al. 2004b).

Degree of hydrolysis of undefatted and defatted winged
bean seeds

The values of degree of hydrolysis (DH) for the undefatted
and defatted winged bean seed hydrolysates produced with
four different enzymes, over the period of 0.5 to 5 h hydro-
lysis are shown in Fig. 1, DH (a) and (b). The DH values
obtained for UWBSH (7.48–91.84 %) and DWBSH (2.03–
21.34 %) are comparable to those reported in earlier studies
for chickpea, sunflower and pea proteins (Humiski and
Aluko 2007). Figure 1, DH (a) shows the DH values during
hydrolysis of undefatted winged bean seeds using different
proteases. The papain-hydrolysate of undefatted winged
bean seed was characterized by the initial rapid phase com-
pared to other proteases. In a recently reported work, during
the first 10 min of enzymatic hydrolysis using papain, the
yield of the hydrolysed protein increased sharply, and then it

Table 2 Amino acid composition of winged bean [Psophocarpus
tetragonolobus (L.) DC.] seeds

Type of amino acid Amino acid Concentration
(g/100 g protein)

Hydrophilic Aspartic acid 8.01

Glutamic acid 14.07

Serine 2.36

Histidine 0.99

Arginine 3.53

Thereonine 1.41

Lysine 4.61

Total 34.98

Hydrophobic Tyrosine 3.62

Valine 5.51

Methionine 0.46

Cystine 2.05

Isoleucine 24.75

Leucine 5.05

Phenylalanine 2.02

Glycine 15.36

Alanine 3.10

Proline 3.10

Total 65.02
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slowly increased or became essentially constant due to the
limited availability of the substrate (Damrongsakkul et al.
2008). Thereafter, a lower rate of increase was generally
observed.

Papain-produced UWBSH showed the highest DH
among the four hydrolysates tested. DH increased rapidly
in a time dependent manner during the first 1 h of incubation
with DH value of 76.54 % and reached at maximum level of
91.84 % after 3 h and then remained constant thereafter. The
high activity of Papain at pH6.5, 70 °C offered higher
hyrolysate production (Damrongsakkul et al. 2008).
Previous study by Barbana and Boye (2011) conducted on
Papain hydrolysates of red and green lentil showed some-
what lower DH values of 27.21 % and 37.92 %, respectively
compared with Papain-derived UWBSH. In the case of
Bromelain, DH of UWBSH produced by the enzyme
reached the maximum DH value of 74.05 % after 4 h.
However, the values obtained after steady state for others
(Flavourzyme; 23.06 % and Alcalase; 16.09 %) were sig-
nificantly lower compared with papain.

Using proteinases such as Flavourzyme and Alcalase to
generate hydrolysates with moderate DH values, the relative
content of free amino acids and dipeptides is likely to be low
(Adler-Nissen 1986). It can be concluded that plant-derived
enzymes (Papain and Bromelain) are able to produce better
protein hydrolysates from winged bean seed compared with
bacteria-derived enzymes (Alcalase and Flavourzyme).
Previously, Papain-catalysed hydrolysis of a large number of
protein substrates has been reported (Pripp et al. 2005). Papain

could interact with up to seven sequential amino acids in a
protein, and that interaction at these seven sites attributed to its
specificity. Compounds of the type X-Y-R’ (X being hydro-
phobic in nature, Y are L-amino acids, and R’ is a suitable
leaving group), are good substrates (Pripp et al. 2005).

Since winged bean seeds have a high concentration of
hydrophobic amino acid (Table 2) such as phenylalanine
and isoleucine at position X, thus it would be expected to
effectively contribute to higher DH value for Papain-derived
hydrolysates compared to Bromelain-derived hydrolysates.
Little is known about the mechanism of Bromelain-
catalysed hydrolysis other than that a thiol group is required
in the reduced form for better activity (Wharton 1974).
Hence, Papain can provide a higher catalytic efficiency
compared to Bromelain. The Kcat/Km value of papain
(Serveau et al. 1994) is 1×105 M−1s−1 while Kcat/Km value
for bromelain (Takahashi and Nishibe 1978) is 0.132×103

M−1s−1 indicating higher catalytic efficiency of papain. The
Michaelis-Menten kinetic model explains several aspects of
the behavior of many enzymes. Each enzyme has its own
kinetic characteristic under specified conditions. The mea-
sure of efficiency is helpful in determining whether the rate
is limited by the creation of product or the amount of
substrate in the environment. When the Kcat/Km is low, this
means that the rate of product turnover is much lower than
the substrate concentration, thus the enzyme and substrate
have high affinity for each other.

Figure 1, DH (b) shows DH data for defatted winged
bean seed (DWBS) using the same proteases. Generally, all

a

a

b

b

DH

ACE

Fig. 1 Changes in the degree of hydrolysis (DH) and (ACE) inhibitory
activity over hydrolysis time of UWBSH [a] and DWBSH [b]. ■:
Alcalase, ▲: Flavourzyme, ♦: Papain, ● : Bromelain, DH,
Highest percentage line. Alcalase, Flavourzyme, Papain and Bromelain
were run according to manufacturer’s optimum condition: pH 8.0, Tem-
perature 60 °C, pH 8.0, Temperature, 55 °C, pH 6.5, Temperature 70 °C

and pH 6.5, Temperature 45 °C, respectively. Bars represent the standard
deviation from triplicate determination (n=3) and each observation value
is mean ± SD. When error bar cannot be seen, the standard deviation is
less than the size of the symbol. [a] = Undefatted Winged Bean Seed
Hydrolysate and [b] = Defatted Winged Bean Seed Hydrolysate
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proteases (Bromelain 22.87 %; Alcalase 21.34 % and
Papain 18.71 %) offered the same DH range except that
lowest DH value was observed for Flavourzyme (6.60 %).
The DH of DWBS showed a lower percentage values com-
pared to UWBS, especial ly with comparison to
Flavourzyme [DH (a)]. During the defatting process, the
removal of water from protein molecules most likely caused
the aggregation of proteins via hydrophobic interaction. The
larger aggregate formed was less susceptible to hydrolysis
by Flavourzyme. Previous researchers have reported that,
DH of proteases hydrolysis is highly affected by not only
enzyme specificity, enzyme/substrate ratio, operating con-
ditions and also nature of the sample (Kristinsson and Rasco
2000). Even though, the DH of defatted winged bean seeds
was found to be lower than the undefatted winged been seed
but the values are higher compared with that reported for
soybean using proteases at 22.1 % for 5 h (Junfeng et al.
2003). The low-DH hydrolysates obtained in this study for
defatted winged bean seed were in agreement with previous
research whereby defatted soya flour hydrolyzed with pro-
teases showing only 6 % DH value (Adler-Nissen 1986).

In the present study, quantification by proton release
using a pH-stat method (Adler-Nissen 1986), was used
during the process. The experimental setup is being opti-
mized for the process of enzymatic hydrolysis of food
protein sources. The auto-titrator and pH-meter controller
are used to maintain the required conditions in the system.
This is in agreement with the literature investigation reveal-
ing that pH-stat titration technique controls the addition of
dilute acidic or alkaline solutions to maintain a constant pH
in systems where a pH-dependent reaction is taking place
(Ficara et al. 2003). The method focuses to assess the pro-
tons producing or consuming reactions (Gernaey et al. 1998;
Massone et al. 1998)

Under these conditions, the titration rate is proportional to
the reaction rate. Generally, this technique is applicable to any
biological or physic-chemical reaction affecting the proton
concentration using continuous water flows through the jack-
eted vessel that contained known amount of distilled water to
stabilizing temperature inside the system. The degree of hy-
drolysis is a measure of the extent of hydrolysis or degradation
of a protein, and it is the most widely used indicator for
comparison among different protein hydrolysates.

Effect of hydrolysis time on ACE inhibitory activity

The results of ACE inhibitor activity against hydrolysis time
using Alcalase, Flavourzyme, Bromelain and Papain are
presented in Fig. 1, ACE (a) and (b) both for UWSBH and
DWBSH, respectively. The non-hydrolysed protein showed
no ACE inhibitory activity (result not shown) whereas all
hydrolyzed protein displayed ACE inhibitory activity after
enzymatic hydrolysis. ACE inhibition increased as the

hydrolysis time of different enzymatic hydrolysates gener-
ated from both UWBSH and DWBSH were increased.
These results showed the effectiveness of enzymatic treat-
ments in generating bioactive peptides from their parent
proteins. This result is comparable with previous work con-
ducted on soybean, revealing that the inhibitory activity
increased with the hydrolysis time (Junfeng et al. 2003).

Results show that Papain (88.24 %) produces the highest
ACE inhibition activity followed by Bromelain (78.42 %)
for both UWBSH and DWBSH. However, Alcalase and
Flavourzyme showed a lower ACE inhibition both for
UWBSH and DWBSH. It can be concluded that Papain is
the most suitable enzyme for the degradation of peptide
bond for winged bean seed protein compared with
Bromelain, Alcalase, and Flavourzyme. The specificity of
papain being able to produce a shorter peptide chain com-
pared with others contributes to ACE inhibition potency.

In the case of Flavourzyme and Alcalase, even though
Flavourzyme showed a higher degree of hydrolysis than
Alcalase, the free amino acid produces during the enzymatic
process are better for Alcalase. It should be expected that
proteins with a high content of hydrophobic amino acids
like winged bean seeds can be more easily hydrolyzed by
Alcalase thus producing higher content of hydrophobic ami-
no acids and contributing to ACE inhibitory potency. It can
be concluded that the ACE inhibitory activity for Papain-
derived (88.23 %) DWBSH was higher than Bromelain
(78.42 %). Both of these plant enzymes have broad range
specificity and could produce hydrolysate with low molec-
ular weight that helps in ACE inhibitory potency. The sub-
strate specificity of both enzymes is slightly different where
Papain hydrolyses peptide bonds contributed by an adjacent
amino acid Lysine, Arginine and Phenylalanine while bro-
melain preferred amino acid next to Lysine, Arginine,
Phenylalanine and Tyrosine.

Figure 1, ACE (a) and (b) showed the highest ACE inhi-
bition up to 93.8 % for papain-derived hydrolysates, a higher
value than those reported for soybean hydrolysates. This
indicates that both proteases could give rise to highly active
ACE inhibitory peptides. Although the ACE inhibitory activ-
ity cannot be directly compared with data under different
measuring conditions, the hydrolysates in this study showed
a higher or similar activity than other hydrolysates already
reported (Wu and Ding 2001; Suh 2000). Several enzymes
have been used to produce seed legume protein hydrolysates
having bioactive properties. Previously, there are some works
that used sequential treatment of chickpea protein with
Alcalase and Flavourzyme to produce a bioactive hydrolysate
having ACE inhibitory activity with an IC50 value of
0.190 mgmL−1 (Pedroche et al. 2002). Present study
(Table 3) showed a higher IC50 value (0.161±0.03 mgmL−1;
0.091±0.01 mgmL−1), for UWBSH using Flavourzyme and
Alcalase, respectively.
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Comparison of IC50 value at 5 h of hydrolysis

In order to investigate the effect of hydrolysis on IC50 value
of UWBSH and DWBSH, the samples were measured for
IC50. Differences in the IC50 values among hydrolysates
after 5 h of hydrolysis were found to be significant (P<
0.05) for each sample. These results show a marked differ-
ence in the capacity of the different enzymes to produce
ACE inhibitory peptides. Overall, all protein hydrolysates
produced by all four enzymes showed ACE inhibitory ac-
tivity (Table 3). A previous work reported that soybean in its
native state displayed inhibitory activity to some extent and
this inhibitory activity increased with the hydrolysis time
(Junfeng et al. 2003). The IC50 value of hydrolysates pro-
duced after 5 h with different enzymes, ranged from 0.161 mg
mL−1 to 0.064 mgmL−1 for undefatted winged bean seed
hydrolysate (UWBSH) while 0.377 mgmL−1 to 0.249 mg
mL−1 for defatted winged bean seed hydrolysates (DWBSH).

Among the tested UWBSH, papain hydrolysate exhibited
the most potent ACE inhibition activity with IC50 value at
0.064 mgmL−1 followed by (Bromelain, 0.073 mgmL−1;
Alcalase, 0.091 mgmL−1; Flavourzyme, 0.161 mgmL−1). All
DWBSH showed lower inhibition values (Papain, 0.249 mg
mL−1; Bromelain, 0.293 mgmL−1; Flavourzyme, 0.377 mg
mL−1; Alcalase, 0.374 mgmL−1) compared to UWBSH after
5 h of hydrolysis. Papain hydrolysate showed the highest IC50

value both for UWBSH and DWBSH compared to Bromelain,
Flavourzyme and Alcalase hydrolysates, revealing its high
ACE inhibitory potential. Therefore Papain-derived hydroly-
sate can be further fractionated at different decreasing molec-
ular weight peptides with respect to its IC50 value.

Papain may produce higher short-chain peptides with hy-
drophobic amino acid residues and charges side groups that
influence inhibitory potential as the rate of ACE inhibition
increases with increasing hydrophobicity of the amino acids.
Papain-derived UWBSH and DWBSH may have a better
access to ACE domain activity that seems to be necessary
for controlling blood pressure. It can be assessed specifically
in vitro by use of the synthetic substrate hippury-histidyl-
leucine (HHL) tested in this experiment. The highest ACE
inhibition effect (lowest IC50) was found in the case of
UWBSH (0.064 mgmL−1) using Papain whereby this result

showed a higher value than an earlier study in which an ACE
inhibitory activity with IC50 value of 0.070 mgmL−1 was
found for pea protein hydrolysate (Vermeirssen et al. 2004).

Consequently, Hyun and Shin (2000) investigated the use
of Papain for undefatted bovine plasma hydrolysis where
IC50 values were reported to be (17.19 mgmL−1) lower than
the present value (0.064 mgmL−1). Likewise, a lower ACE
inhibitory activity was obtained for Papain-hydrolysate of
lentil (Hyun and Shin 2000). Kapel et al. (2006) have
obtained the different inhibitory effects for the peptides
hydrolyzed using diverse enzymes. Among of that, it may
be due to the discrepancy in the type of ACE-inhibitory
peptides liberated, cleavage mechanism of each enzyme and
the specific structure of the parent proteins (Hyun and Shin
2000). In other words, conditions used during the hydrolytic
process can also greatly influence the release of ACE-
inhibitory peptides (Kapel et al. 2006).

The differences among IC50 values of seed legume or
pulses samples by various studies are compared with the
current research. Winged bean seed hydrolysate with IC50 at
0.064 mgmL−1 showed the highest ACE inhibition activity to
date compared with chick pea seed (Yust et al. 2003), red lentil
(Boye et al. 2010), green lentil (Akıllıoğlu and Karakaya
2009), Corn gluten (Yang et al. 2007), Korean soybean
(Shin et al. 2001), rapeseed (Marczak et al. 2003) (IC50 values
at 0.180 mgmL−1, 0.440 mgmL−1, 0.890 mgmL−1, 0.085 mg
mL−1, 0.276 mgmL−1, 0.16 mgmL−1, respectively). All the
given protein sources were enzymatically hydrolyzed with
proteases without further fractionation and purification steps.
Winged bean seed hydrolysate showed an exceptionally high
value of IC50 that may be attributed to its high protein content
and hydrophobic amino acids compared to chickpea, lentils,
Korean soybean and rapeseed. Hence, UWBSH and DWBSH
from Papain were further fractionated by membrane-based
ultrafiltration (UF) to obtain lower molecular weight peptides
with enhanced ACE inhibition potency.

ACE inhibitory activity of fractionated papain -produced
UWBSH and DWBSH

Undefatted winged bean seed hydrolysate (UWBSH) and
defatted winged bean seed hydrolysate (DWBSH) produced

Table 3 Comparison of IC50 value of undefatted winged bean seed hydrolysates and defatted winged bean seed hydrolysates using different
enzymes at 5 h of hydrolysis*

Sample IC50 value (mgmL−1)

Papain Bromelain Flavourzyme Alcalase

Undefatted winged bean seed hydrolysates 0.064±0.004b 0.073±0.02b 0.161±0.03b 0.091±0.01b

Defatted winged bean seed hydrolysates 0.249±0.02a 0.293±0.01a 0.377±0.04a 0.374±0.02a

*Values are mean ± SD of three independent experiments. Means denoted with different superscript letters within the same column indicate
significant differences (P<0.05) between two types of hydrolysates
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using Papain, owing to having highest ACE inhibitory activ-
ity, was further fractionated into three different molecular
weight fractions. The UWBSH obtained was fractionated by
ultrafiltration into UWBSH-I (<10 kDa) (IC50 value, 0.065±
0.004 mgmL−1), UWBSH-II (<5 kDa) (IC50 value, 0.046±
0.003 mgmL−1) and UWBSH-III (<2 kDa) (IC50 value, 0.003
±0.0001 mgmL−1) while DWBSH obtained DWBSH-I
(<10 kDa) (IC50 value, 0.248 mgmL−1), DWBSH-II
(<5 kDa) (IC50 value, 0.198 mgmL−1) and UWBSH-III
(<2 kDa) (IC50 value, 0.130 mgmL−1). Table 4 shows the
molecular weight distributions of fractionated samples.

The ACE inhibitory activity of the UWBSH varied with
the molecular weight (MW) distribution, and the UWBSH-
III with MW below 2 kDa showed the most potent ACE
inhibitory activity. The IC50 value of UWBSH-III was in-
creased two folds compared with the value of UWBSH-I.
This result shows that majority of the peptides are of low
molecular mass corresponding to relatively short-chain pep-
tides with greater ACE inhibitory potency. This is in agree-
ment with a previous crystallographic study which revealed
that the active site of ACE cannot accommodate large pep-
tide molecules (Natesh et al. 2003). The IC50 value of the
DWBSH-III was also increased two fold compared with the
value DWBSH-I.

Ultrafiltration is typically used to separate proteins based
on their molecular weight. The primary mechanism for
separation using an ultrafiltration membrane is to separate
small particles and dissolved molecules based on molecular
size. The asymmetric structure of the membrane causes
molecules larger than the molecular weight cut off
(MWCO) to be retained, but not bound, on the surface of
the membrane while molecules smaller than the MWCO
pass through the membrane substructure.

In this study, Papain contributed to a high degree of
hydrolysis due to its specific and effective enzymatic action.
Ultrafiltration was found to be a proficient method to eval-
uate ACE inhibitory activity of Papain-derived winged bean
seed hydrolysates (Marczak et al. 2003). ACE inhibitory
peptides derived from food protein mainly consisted of
low-molecular weight peptides with a MW below

1,500 Da (Oshima et al. 1979). The bioactive potential of
low-molecular weight peptides is high because small pep-
tides can be absorbed in the intestine without being decom-
posed by digestive enzymes and then reach target sites in the
body. According to a study by Wu and Ding (2001), soy-
bean which is quite similar with winged bean seed in having
ACE inhibitory activity comprised of oligopeptides with 2–
8 amino acid residues. The results of DH, Fig. 1 (IA and IB)
of the hydrolysates in this study indicated that the hydro-
lysates had a suitable molecular weight for such a property.
The ACE inhibitory activity of UWBSH and DWBSH ob-
served in this work is, thus, quite promising especially when
compared to activities reported for some other food protein
hydrolysates (Marczak et al. 2003; Vermeirssen et al. 2004).
However, it is understandable that UWBSH-III offered a
higher IC50 value compared with DWBSH-III suggest-
ing that undefatted winged bean seed are better raw
material for producing potential food protein hydrolysate
inhibitors.

Conclusions

Papain was found to be the most efficient protease for
production of undefatted winged bean seed hydrolysate
with potent ACE inhibitory activity (IC50, 0.064 mg
mL−1) compared to defatted winged bean seeds (IC50,
0.249 mgmL−1). Further fractionation of papain-derived
UWBSH showed that UWBSH-III exhibited strongest
ACE inhibitory activity with IC50 at 0.003 mgmL−1.
Although further studies needs to be conducted before
the use of bioactive peptides from winged bean seeds
protein, the results obtained in this study might contribute
to the development of a novel functional ACE inhibitory
biopetide-based functional food. Furthermore, with the
growing consumer interest for whole foods, identification
of avenues for use of winged bean seeds hydrolysates
could be promising. Besides, verification of antihyperten-
sive activity of the tested hydrolysates using some in vivo
models is strongly recommended for future studies.

Table 4 IC50 value (mgmL−1) of different fractions from papain-derived UWBSH and DWBSH*

UWBSH DWBSH

Fraction Mr IC50 (mg/ml) Fraction Mr IC50 (mg/ml)

UWBSH-I <10 kDa 0.065±0.004a DWBSH-I <10 kDa 0.248±0.02a

UWBSH-II <5 kDa 0.046±0.01b DWBSH-II <5 kDa 0.198±0.05a

UWBSH-III <2 kDa 0.003±0.002c DWBSH-III <2 kDa 0.130±0.08a

*Values are mean ± SD of three independent experiments

Means denoted with different superscript letters within the same column indicate significant statistical differences (P<0.05) among three types of
fractions
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