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Abstract

Thermal stability of the protease inhibitor of tepary bean (Phaseolus acutifolius) was studied by comparing the antitryptic activ-
ities of a crude extract and the purified inhibitor (TBPI) to those of three purified protease inhibitors, soybean trypsin inhibitor

(Kunitz; KSTI), soybean trypsin and chymotrypsin inhibitor (BBI) and lima bean trypsin inhibitor (LBTI). Three purified inhibi-
tors, TBPI, BBI and LBTI, were found to be heat-stable when subjected to boiling (100 �C) at either neutral or acidic pH, or to
autoclaving at neutral pH. The tepary bean crude extract and KSTI were found to be heat labile when boiled or autoclaved at
neutral pH. At alkaline pH, all the purified protease inhibitors were heat labile, losing antitryptic activity rapidly upon heating to

100 �C. These data suggest that the trypsin inhibitor of TBPI is heat-stable, and similar to the Bowman–Birk family of inhibitors,
and can be rapidly inactivated by heat under alkaline conditions. # 2002 Published by Elsevier Science Ltd.
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1. Introduction

Protease inhibitors are common in animal tissues,
microorganisms and plants. Leguminous seeds are par-
ticularly rich sources of protease inhibitors; some of
these have been isolated and their chemical, physi-
ological and inhibitory properties have been studied
(Liener & Kakade, 1980). Protease inhibitors from
legumes are generally classified as either Kunitz or
Bowman–Birk types (Laskowski & Kato, 1980). Kunitz
inhibitors are relatively high molecular weight (around
20,000 daltons) with only one reactive site specific for
trypsin. The lower molecular weight (around 9000 dal-
tons) Bowman–Birk inhibitors are double-headed, inhi-
biting two serine proteases, trypsin and chymotrypsin,

simultaneously. Bowman–Birk inhibitors are heat stable;
while Kunitz inhibitors are heat-labile.
Osborne and Mendel (1917) were the first to report

that heat treatment improved the nutritional value of
soybean protein. Since then heat treatment has been
successfully used to reduce the level of protease inhibi-
tors in legumes, improving their nutritional quality.
Heat-inactivation of protease inhibitors in legume seeds
has been shown to be a function of several variables
including particle size, temperature, moisture content
and duration of heat treatment (Rackis, 1965).
Tepary bean (Phaseolus acutifolius) is a drought-tol-

erant legume native to the southwestern region of North
America, where it has been used in Native American
diets for centuries (Nabhan & Feleger, 1978). Studies on
the nutritive value of the tepary bean showed that it
contains 15–32% protein, 0.9–1.7% fat, and 65.3–
69.1% carbohydrate (Thorn, Tinsley, Weber, & Berry,
1983). The presence of antinutritional factors in tepary
bean was first reported by de Muelenaere (1964). Ana-
lysis of uncooked tepary bean samples for antinutri-
tional factors revealed high levels of lectin and trypsin
inhibitors (Thorn et al., 1983). Kabbara, Abbas, Schee-
rens, Tinsley, and Berry (1987) reported that trypsin
inhibitor activity could be destroyed easily by soaking
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and cooking, and concluded that the trypsin inhibitor of
tepary bean is heat-labile. Similar results were reported
by Gonzalez de Mejia, Grajeda Cota, Celada, and
Valencia (1988) who found that soaking and boiling
both black and white tepary beans for 140 min com-
pletely destroyed trypsin inhibitor activity. Idouraine,
Sathe, and Weber (1992) observed that about 95% of
the antitryptic activity of tepary bean flour was
destroyed by autoclaving (120 �C) for 20 min, whereas
tepary extract retained over 50% of its antitryptic
activity. They suggested that tepary bean trypsin inhi-
bitor is heat-stable, and may play a major role in the
toxicity of raw tepary bean, because hemagglutinin was
completely destroyed. This controversy as to whether
tepary bean trypsin inhibitor is heat-stable or heat-
labile, seems to have arisen because all of the investiga-
tions were carried out using raw tepary bean or crude
extract, but not with pure inhibitor isolated from the
bean.
The objectives of this study were: (1) to investigate the

thermal stability of the antitryptic activity of purified
tepary bean protease inhibitor (TBPI) as compared with
that of an extract of raw tepary bean flour under two
heat treatment conditions (boiling at 100 �C or auto-
claving) at neutral pH; (2) to compare the heat-induced
inactivation of purified TBPI with that of three other
purified protease inhibitors: soybean protease inhibitor
(Kunitz; KSTI), soybean trypsin and chymotrypsin
inhibitor (Bowman–Birk; BBI), and lima bean trypsin
inhibitor (LBTI) under acidic, neutral and basic pH
conditions.

2. Materials and methods

2.1. Materials

Tepary beans (a brown seeded variety) were donated
by a commercial producer (W.D. Hood, Coolidge, AZ).
The beans were ground in a hammer mill to pass
through a 40 mesh screen and the flour stored in a
sealed container at �20 �C until use. Bovine trypsin,
a-N-benzoyl-dl-arginine-p-nitroanilide, commercially
purified soybean trypsin inhibitor (KSTI), soybean
trypsin and chymotrypsin inhibitor (BBI) and purified
lima bean trypsin inhibitor (LBTI) were purchased from
Sigma Chemical Co. (St. Louis, MO).

2.2. Methods

2.2.1. Preparation of tepary bean extract
A 1-g sample of tepary bean flour was extracted with

50 ml of 0.01 M NaOH for 2 h at room temperature
using a magnetic stirrer, followed by centrifugation at
10,000 g for 30 min. The supernatant was collected and
adjusted to pH 7.0 using 1.0 M HCl.

2.2.2. Purification of tepary bean protease inhibitor
Tepary bean protease inhibitor was extracted from the

raw flour using a 0.05 M Tris–HCl buffer, pH 7.5 con-
taining 0.5 M NaCl, 1 mM EDTA and 1 mMNaN3. This
crude extract was heat treated at 80 �C for 10 min in a
boiling water bath, and the inhibitor precipitated from the
supernatant by ammonium sulfate addition to 70%
saturation. Final purification was achieved by sequential
chromatography on DEAE-Sephadex, phenyl-Sepharose,
CM-cellulose andG-75 Sephadex (Osman&Weber, 1994).

2.2.3. Protease inhibitor solutions
Tepary bean, soybean and lima bean protease inhibi-

tors were each dissolved in three different pH buffers:
0.05 M acetate, pH 3; 0.05 M Tris–HCl, pH 7.0, and
0.05 M glycine/NaOH, pH 11. Each buffer also con-
tained 0.1 M NaCl. TBPI, BBI and LBTI solutions were
prepared at concentrations of 150 mg/ml. KSTI was
prepared at a concentration of 200 mg/ml.

2.2.4. Heat treatments
Aliquots (1.0 ml) of the tepary bean extract and each

protease inhibitor solution were placed in screw-cap
vials (10�45 mm Pyrex with teflon-lined caps). The vials
were all placed in a boiling water bath at the same time.
A study was carried out at pH 7 for 360 min with one
vial of each solution being removed from the boiling
water bath and transferred to an ice water bath at 60
min intervals (DiPietro & Liener, 1989). This procedure
was repeated for all the purified protease inhibitor
solutions at pH 3 and pH 11 for 120 min with
sampling times 20 min apart. An autoclaving study was
conducted at pH 7 in which the tepary extract and each
of the protease inhibitor solutions were heated (121 �C
and 15 psi) for 20, 40 and 60 min durations.

2.2.5. Inhibitor assays
Trypsin activity was measured using a-N-benzoyl-

DL-arginine-p-nitroanilide as a substrate (Kakade,
Rackis, McGhee, & Puski, 1974). Chymotrypsin activity
was measured usingN-glutaryl-L-phenylalanine-p-
nitroanilide (GPNA) as the substrate (Erlanger, Edel, &
Cooper, 1966). Inhibitor activity was expressed as a per-
cent inhibition (I) of a control assay using the equation:

I %ð Þ ¼ T� T�ð Þ=Tð Þ � 100

where T and T* are protease activities in the absence
and presence of inhibitor, respectively.

3. Results and discussion

3.1. Thermal stability at pH 7.0

Purified TBPI was very heat stable at 100 �C and
neutral pH (7) compared with the tepary bean extract
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(Fig. 1 A). The purified inhibitor retained nearly 70% of
its antitryptic activity after 360 min of heat treatment,
whereas the extract lost most of its antitryptic activity
after 60 min. Among the purified inhibitors, TBPI and
BBI and LBTI showed greater thermal stability than
KSTI (Fig. 1A). After 360 min of exposure to 100 �C at
neutral pH, the residual trypsin inhibitory activities of
TBPI, BBI and LBTI were greater than 60%, whereas
only 25% of the antitryptic activity of KSTI remained
under the same conditions.
The effects of autoclaving on the inactivation of the

protease inhibitor of tepary bean extract and purified
TBPI, KSTI, BBI and LBTI were also investigated at
neutral pH. It was evident that the antitryptic activity of
the tepary bean extract was reduced much faster at
autoclaving conditions (121 �C and 15 psi) than was the
purified protease inhibitor (Fig. 2). Autoclaving the
tepary bean extract for 20 min completely inactivated
the trypsin inhibitor, while the purified TBPI retained
50% of its trypsin inhibitory activity after autoclaving
for 60 min. TBPI, BBI and LBTI were again more
thermally stable than KSTI (Fig. 2). After 60 min of
autoclaving about 50% of the antitryptic activity of
TBPI, BBI and LBTI was retained, while KSTI lost
almost all (96%) of its trypsin inhibitory activity.
The loss of chymotryptic inhibitory activity during

heat treatment of tepary extract, TBPI and BBI is pre-
sented in Fig. 3. Compared with either TBPI or tepary
extract, BBI was very heat stable, retaining 78% of its
antichymotryptic activity after 360 min of boiling at
neutral pH; however, TBPI retained 40% of its chymo-
trypsin inhibitory activity under these conditions. The

Fig. 1. Thermal inactivation of the trypsin inhibitor of tepary bean

extract and of purified trypsin inhibitors at neutral (A), acidic (B) or

alkaline (C) pH. Residual trypsin activity (% of trypsin activity in the

absence of inhibitor) after heating neutral (pH 7) solutions of tepary

bean extract and purified tepary bean (TBPI), soybean (KSTI and

BBI), and lima bean (LBTI) protease inhibitors at 100 �C for dura-

tions up to 6 h is shown in panel A. Residual trypsin activity after

heating acidic (pH 3) or alkaline (pH 11) solutions of TBPI, KSTI,

BBI and LBTI at 100 �C for durations up to 2 h is shown in panels B

and C, respectively.

Fig. 2. Inactivation of the trypsin inhibitor of tepary bean extract and

of purified trypsin inhibitors under autoclaving conditions at neutral

pH. Residual trypsin activity (% of trypsin activity in the absence of

inhibitor) after autoclaving neutral (pH 7) solutions of tepary bean

extract and purified tepary bean (TBPI), soybean (KSTI and BBI),

and lima bean (LBTI) protease inhibitors at 121 �C and 15 psi for

durations up to 1 h.
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tepary extract lost its antichymotryptic activity at a
much faster rate than either BBI or TBPI.
The rapid heat inactivation of the tepary bean extract

trypsin inhibitor compared with TBPI is similar to
reported observations in soybean (DiPietro & Liener,
1989; Ellenreider, Geronazzo, & de Bojarski, 1980), in
kintoki bean (Tsukamoto, Miyoshi, & Hamaguchi,
1983) and in wing bean (de Lumen & Belo, 1981).
Ellenreider et al. (1980) showed that a soybean trypsin
inhibitor, purified by gel permeation, had much greater
thermal stability than the trypsin inhibitor of a soybean
extract, and suggested the presence of a protein sub-
stance which accelerated thermal inactivation of the
inhibitor. In studies of kintoki bean (Phaseolus vulgaris)
trypsin inhibitor inactivation, Tsukamoto et al. (1983)
found that 90% of the antitryptic activity of a kintoki
bean extract was lost after heating at 100 �C for 60 min.
The purified kintoki bean inhibitor was heat stable, but
easily inactivated in the presence of a high molecular
weight protein such as bovine serum albumin. DiPietro
and Liener (1989) observed that while heating at 100 �C
inactivated a soybean extract and KSTI after 30 and
180 min, respectively, BBI retained over 75% of its
antitryptic activity after 360 min. It has been demon-
strated, many times since the first report of Birk, Ger-
tler, and Khalef (1963), that Bowman–Birk inhibitors
are more heat stable than Kunitz inhibitors, and the
results of the present study provide another demonstra-
tion of this well-known fact.
Our results with the autoclaved tepary bean extract

were not exactly the same as those reported earlier by
Idouraine et al. (1992) which indicated that tepary bean
extract was relatively heat stable in the dry state. Many
researchers have reported that protease inhibitors are

less susceptible to thermal inactivation when they are in
the dry form. DiPietro and Liener (1989) and Baintner
(1981) independently reported that purified KSTI in the
soybean flour matrix was more heat stable than KSTI in
solution. Kapoor and Gupta (1978) showed that auto-
claving of soybean seeds for 30 min or steaming for 60
min completely inactivated the inhibitor activity,
whereas soaking for 8 h, prior to steaming, considerably
reduced the time for inactivation to 15 min. Similarly,
the trypsin inhibitor of whole soybean, with an initial
moisture content of 20%, was completely destroyed by
steaming for 15 min, and when the moisture content
was raised to 60% by overnight soaking, then boiling
for only 5 min was sufficient for the inactivation of the
inhibitor (Albrecht, Mustakas, & McGhee, 1966).
Friedman, Gumbmann, and Grosjean (1984) postulated
that the disulfide bond interchange between the trypsin
inhibitor and several other proteins was responsible for
increased thermal inactivation. In addition to agents
that induce change in disulfide bonds, moisture and
interaction with other constituents, such as carbohy-
drates, appear to contribute to the denaturation of the
inhibitor (Oste, Brandon, Bates, & Friedman, 1990).
These studies indicate that the presence of moisture or
other agents may catalyze heat inactivation of the pur-
ified inhibitors, extract or the whole seed. In any case, it
is important to note that studies on the destruction of
protease inhibitory activity performed in purified solu-
tion may not be indicative of the behaviour of the inhi-
bitor in a complex matrix.

3.2. Acidic and basic pH effects on thermal stability

Both TBPI and BBI were very stable to heat (100 �C)
at pH 3.0 compared to LBTI and KSTI (Fig. 1B). Over
75% of the trypsin inhibitory activity of TBPI and BBI
was retained after heating for 120 min, while LBTI and
KSTI retained 49 and 15% of their antitryptic activities,
respectively. All the protease inhibitors, except LBTI,
were easily inactivated by boiling (100 �C) at pH 11,
losing about 90% of their antitryptic activity within 40
min (Fig. 1C). During the first 40 min of boiling at pH
11, LBTI retained 60% of its trypsin inhibitory activity
and lost 90% of the activity only after 120 min (Fig. 1C).
The purified protease inhibitors were more heat-labile in
alkaline pH than in acidic pH.
The effects of alkaline and acidic pH on the thermal

inactivation of legume trypsin inhibitors at elevated
temperature have been reported by many investigators.
Obara and Watanbe (1971) observed that purified soy-
bean trypsin inhibitors were heat stable when heated at
low or acidic pH and less heat stable at alkaline pH.
Wallace, Bannatyne, and Khaleque (1971) found, at
98 �C, an increased rate of inactivation of the soymilk
trypsin inhibitor as the pH of the soymilk was increased
from neutral to alkaline. Similarly, the destruction of

Fig. 3. Heat-induced loss of chymotrypsin inhibition at neutral pH.

Residual chymotrypsin activity (% of chymotrypsin activity in the

absence of inhibitor) after heating neutral (pH 7) solutions of tepary

bean extract, pure tepary bean (TBPI), and soybean (BBI) protease

inhibitors at 100 �C for durations up to 6 h.
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trypsin inhibitor was accelerated by cooking soybeans
in 1% NaOH, and unaffected by cooking in 1% HCl
(Baker & Mustakas, 1973). Kwok, Qin, and Tsang
(1993) reported that soymilk trypsin inhibitors were
very heat-resistant at pH 2 and 93 �C, but the rate of
inactivation increased as the pH was increased.
A possible explanation for the heat-lability of trypsin

inhibitor in alkaline solution, is that rapid destruction
of disulfide bonds, which are important for the heat
stability of the inhibitor facilitates further denaturation
of the inhibitor (Friedman et al., 1984). Dehy-
droalanine, formed during the alkaline cleavage of
cystine, is available to cross-react with lysine residues in
the inhibitor reactive site (Osman & Weber, 1994),
modifying them to lysinoalanine, and thus permanently
inactivating the inhibitor.
In the final analysis, although the protease inhibitor

of the tepary bean extract solution is not heat-stable at
pH 7, the trypsin inhibitor of the purified TBPI appears
to be a heat stable protease inhibitor similar to that of
BBI and LBTI. These data confirm our prior biochem-
ical studies, which revealed that the tepary protease
inhibitor belongs to the Bowman-Birk family of inhibi-
tors (Osman & Weber, 1994). Furthermore, heat treat-
ment of the purified TBPI in alkaline solution caused
more rapid inactivation of inhibitory activity than in
either neutral or acidic solution. This suggests that an
alkali pre-soak of tepary bean seeds prior to heat treat-
ment may provide a simple means of heat-processing
without deleterious effects on other proteins.
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