Modelling of heat treatment of soy



Promotor:  dr. ir. K. van ‘t Riet
hoogleraar in de levensmiddelenproceskunde

Copromotor; dr, ir. G. Meerdink
universitair docent bij het Departement Levensmiddelentechnologie en
Voedingswetenschappen




NN 0RO

Rob van den Hout

Modelling of heat treatment of soy

Proefschrift

ter verkrijging van de graad van doctor

op gezag van de rector magnificus

van de Landbouwuniversiteit Wageningen,
dr. C.M. Karssen,

in het openbaar te verdedigen

op vrijdag 17 oktober 1997

des namiddags te 16.00 uur in de Aula.

Ui G- L

12332



ISBN-number: 90-5485-730-7

Titel: Modelling of heat treatment of soy

Auathor; Rob van den Hout

Keywords:  soy, trypsin inhibitors, kinetics, steaming, extrusion cooking

BI6LIOTHETK
LANDBOUWUNIVERSITEIT
WAGHNINGEN



NN0E207, 2332

Stellingen

1. Het verschil in hittestabiliteit van de twee belangrijkste groepen trypsineremmers, de
Kunitz- en de Bowman-Birk-remmer, is niet, zoals soms wordt gesteld, de verklaring
voor het twee-fasen-inactiveringsgedrag van de trypsineremmers in soja. Thiolen
lijken een belangrijke invloed te hebben op het inactiveringsgedrag van de
trypsinereminers.

Dit proefschrift, Hoofdstuk 3.
2. Het verdampen en elders weer condenseren van water tijdens de enkelschroefs-

extrusie van biomaterialen krijgt bij het modelleren van de warmte-overdracht in een
enkelschroefsextruder te weinig aandacht.

L2

De productkwaliteit van sojabonen kan bij stomen beter geoptimaliseerd worden door
verandering van het initigle vochtgehalte van de bonen dan, zoals vaak wordt
aangenomen, door aanpassing van de stoomtemperatuur,

Dit proefschrift, Hoofdstuk 3.

4. Bij onderzoek naar het efficiénter gebruiken van de voedingswaarde van sojabonen
moet, behalve naar de optimalisatie van individuele processen in de keten sojaboon-
veevoeder-vlees, ook naar alternatieve voedingsketens gekeken worden waarbi)
sojabonen rechtstreeks in levensmiddelen worden verwerke.

5. Het milieu-argument bij het stimuleren van het thuiswerken is ‘s winters zeer dubieus,
gezien het hogere energieverbruik door de verwarming van de eigen woning.

6. De toenemende maobiliteit van de reiziger heeft een groter effect op de totale milieu-
belasting dan de keuze voor een bepaald vervoersmiddel (auto, trein of vliegtuig) die
de reiziger voor zijn/haar vervoer maakt.

7. Sommige technieken om levensmiddelen langer houdbaar te maken, zoals het verlagen
van de zuurgraad en het toevoegen van suikers, zijn helaas slecht voor de
houdbaarheid van de tanden.



8. Er zou by de technische opleidingen meer aandacht besteed moeten worden aan de
geschiedenis van de techniek en de samenhang hiervan met ontwikkelingen in de
samenleving,

9. Talen en cultuurstudies zouden in een dienstverlenend land als Nederland meer
aandacht moeten krijgen tijdens de opleidingen, juist in een tijd van globalisering.

10. De complexiteit van de plots van ‘filmspotjes’ in reclameblokken benadert inmiddels

die van vele reguliere speelfilms.

Stellingen behorende bij het proefschrift “Modelling of heat treatment of soy”.

Rob van den Hout
Wageningen, augustus 1997
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1. Introduction

General introduction

Soybeans are the dominant oilseed in the world market. During a normal production
year, soybeans make up about one-half of all ocilseeds produced world-wide. The total
world production of soybeans accounts for almost 134 million metric tons (forecast for
1996/1997), and is expected to continue to increase as long as the world population
increases and people continue to upgrade their diet to include more fats, oils and live-
stock-based proteins. The United States (47%), Brazil (20%), China (10%) and
Argentina (10%) are the dominant sources for soybeans (Mielke, 1996). Soybeans are
popular because of their high oil (20%) and protein content (39%). The protein content
in defatted soybean meal is about 48% compared to 25-30% for other beans (Belitz and
Grosch, 1985). Soybean oil is used for baking-, frying-, salad- and cooking oil and
margarine. Soybean meal is used extensively in high-protein commercial feeds for poultry
and swine, and to a lesser extend for beef cattle. A small amount of soybean meal is used

for human foods.

Consumption of raw seeds has nepative effects on the growth and health of human
beings and animals. These negative effects are caused by antinutritional factors {(ANFs).
Several reviews have been published on the ANFs subject (Liener, 1994, Huisman, 1990 and
Rackis ef @/, 1986). ANFs in plants and seeds often act as biopesticides, protecting the
seed against attacks of moulds, bacteria, insects and birds. The main classes of ANFs in

soybeans are the protease inhibitors, lectines, flatulence factors and allergens.
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The trypsin inhibitors (TIs) are generally regarded as the main ANFs in soybeans. TIs
cause an inhibition in the growth of chicks, rats and mice, a depressicn in the digestibility
of the proteins in the diet, and an enlargement of the pancreas (Liener, 1994 and Huisman,
1990). The TIs can be divided in two main groups: the Kunitz soybean trypsin inhibitor
(KSTI) and the Bowman-Birk inhibitor (BBI). KSTI has a molecular weight of about
20,000 g mol’, two disulphide bridges, and inhibits primarily trypsin. BBI has a
molecular weight of 6000 to 10,000 g mol™, a high proportion of disulphide bridges, and
the capability of inhibiting trypsin as well as chymotrypsin at independent sites (Liener,
1994). It is noteworthy that, when an average TI content in soybeans of 20 mg g is
assumed, the annual world production of Tls from soybeans is about 2.7 miilion metric
tons!

TIs and some of the other ANFs are heat labile and are generally inactivated by atmospheric
stearning. Other heat treatments like pressurised steaming, extrusion cooking and expander
cooking are also used. Over-processing reduces the availablilty of the proteins. When the
process cost for steaming is about 16 Dutch guilders per ton beans (Melcion and Van der
Pael, 1993), the annual cost for steaming the world production of soybeans is estimated
to be 2 billion Dutch guilders.

The residual feed quality of the beans after a heat treatment can be measured in vivo or in
vitro (Figure 1). In vivo experiments are costly and time consuming. Therefore, the
adequacy of a heat treatment on the feed quality is mostly evaluated by in vifro

measurements.
process parameters bean quality parameter animal performance
(in vitro) (in vivo)

temperature -— TIA --——— feed conversion
moisture content UA faecal digestibility

residence time NSI ileal digestibility

bean size PDI
shear available lysine

Fig. 1. Connection between process parameters, bean quality parameters, and

animal performance.
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The most used ir vifro analyses are trypsin inhibitor activity (TIA), urease activity (UA),
nitrogen solubility index (NSI), protein dispersibility index (PDI), and available lysine.
TIA and UA are considered to indicate under-processing, NSI and PDI under- and over-
processing (Dale ef af, 1990}, and available lysine over-processing, In this thesis residual
TIA levels were followed to evaluate the effect of the heat treatment on ANFs in
soybean. The reduction of the protein availability was followed by determining residual NSI
and available lysine levels.

The heat treatments of soybeans are usually considered as ‘black boxes’. Process design
and control are usually based on experience and ‘trial-and-error’. Sometimes a small
mumber of plant experiments are performed to get a quick insight in the significance of a
process parameter (e.g. residence time) on the product quality. The number of
experiments to be performed, however, increases when the number of process
parameters increases {e.g. process temperature, initia} moisture content, and residence
time). This involves a substantial number of expensive experimental runs. Moreover,
optimisation and design of the process are difficult to perform.

An alternative is the ‘white box’ approach. In the ‘white box’ approach, process
models (e.g. heat and mass transfer during steaming) and reaction kinetics models (e.g.
decrease of TIA and NSI) using physical properties of the feed (e.g. water and heat
diffusion coefficient, and heat conductivity) are combined to predict the change of feed
quality during the heat treatment. In this approach experiments are necessary to
determine the kinetics and physical parameters and to validate the overall model
However, most of these experiments are performed on a less expensive lab-scale. The
combined kinetics and process model is validated with only a few additional plant
experiments. Once the model is validated, predictions can be performed with none or
only very few experimerits.

A brief state of the art of the inactivation kinetics of TIs and the influence of steaming
and extrusion cocking on the inactivation of TIs will be discussed in the next paragraphs.
Next, the aim and the outline of this thesis will be presented.
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Inactivation kinetics of TlIs

Kinetics model

The inactivation kinetics of TIs in beans was investigated by several authors at different
temperatures and moisture contents. DiPietro and Liener (1989) observed a first order
reaction for TIA in defatted soy flour (75<T<95 °C). Buerra ef a/ (1984) found a first order
reaction for TIA in Phaseolus Vulgaris beans (70<T<100 °C). A two-phase inactivation
behaviour for TIs in Phaseolus Vulgaris beans (90<T<118 °C) and soybeans (102<T<137 °C)
was observed by Roa ef af (1989) and Van Zuilichem et al (1993), respectively. This two-
phase inactivation behaviour for TIs was also found during steaming of Phaseolus Vulgaris
(102<T<136 °C; Van der Poel, 1990).

The inactivation rate constant of TIs in soy flour measured by DiPietro and Liener
{1989) was strongly dependent on moisture content at 95 °C (5smc<15%), Buerra er al
(1984) found that the nactivation rate constant of TIs in Phaseolus Vulgaris was maximal at
0.30 g (g dsy'. The inactivation rate contstant of the first inactivation phase of TIs in
Phaseolus Vulgaris (Roa ef af, 1989) showed a maximum at 0.26 g (g ds)". The rate constant
of the second phase increased with increasing moisture content (0.10-0.47 g (g ds)™).

Roa et af (1989) modelled the two-phase inactivation bebaviour of Tls in Phaseolus
Vulgaris with a discontinous equation of two successive first order reactions. Since the
discontinuity of this equation was not defined, this kinetics model can not be combined with
process models.

In conciuding, no experimental inactivation data of Tls in soy flour within a large
range of process conditions of temperature and moisture content are available in literature. A
continous inactivation kinetics model to predict TIA n soy flour as a function of temperature
and moisture content was not presentex].

Inactivation mechanism

A two-phase inactivation behaviour for Tls in soybeans and Phaseolus Vulgaris beans was
found by several authors (Roa ef al, 1989, Van der Poel, 1990 and Van Zuilichem ef af,
1993). Different explanations for this phenomenon were presented. One explanation is a
difference in heat stability of the two major TT groups: KSTI and BBI. BBI generally has
been considered to be more heat stable than KSTI, because of the heat stability of BBI in
aqueous solutions (Birk, 1961 and Obara and Watanabe, 1971). Rouhana et af (1996) found
that BBI in soymilk was more heat stable than KSTI at temperatures below 137 °C. Other
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literature reported that KSTI is equal (Liener and Tomlinson, 1981) or more heat stable
(DiPietro and Liener, 1989 and Friedman ef af, 1991} than BBI in soy flour. The results in
literature about the heat stability of KSTI and BBI are cleatly conflicting.

Roa ef al (1989) and Van Zuilichem et af (1993) referred to Multon and Guilbot
(1975) to explain the two-phase inactivation behaviour of Tls in beans. Multon and Guilbot
(1975) explained the two-phase inactivation behaviour of ribonuclease in wheat grains by the
catalytic role of water during the inactivation. The role of water in the two-phase inactivation
behaviour of TIs in soybeans was not investigated and is therefore not known.

Heat processing

Steaming
Steaming (toasting) is mostly applied in the animal feed industry to inactivate the ANFs.
Rackis (1974) and Smith ef al (1964} studied the effect of atmospheric steaming on the
nutritional value of soya meal. Jansen ef a/ (1985) examined the effect of steaming at
about 95 °C on the residual TLA, protein solubility and UA in soybeans. With pressurised
steaming an additional degree of freedom, the steam temperature, is introduced. The use
of pressurised steaming results in shorter residence times, so called HTST (High
Temperature Short Time) processes. Additionally, pressurised steaming might result in a
change in availability of essential aminc-acids. The effect of autoclaving on the residual
TIA and NSI in soya meal and feed-weight gain ratio of chickens was investigated by
Dale et al (1990). The effect of pressurised steaming on residual TIA, PDI, UA and ileal
digestibility of soybeans was studied experimentally by Qin ef a? (1996).

Although experimental data are available, no model to predict the feed quality

during steaming is presented in these studies.

Extrusion cooking
The effect of extrusion cooking on the extrudate characteristics is widely described in

literature. Heat is transferred by convection through the barrel and generated by viscous
dissipation due to shear stresses. Proteins like TIs are denaturated by the high
temperature of the soy during extrusion cooking. Several authors studied the effect of
temperature, feed moisture content, and screw speed on extrudate characteristics such as
TIA and available lysine (Hendrix ef @/, 1994 and Mustakas ef af, 1970). Petres ef af
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(1993) and Aguilera and Kosikowski (1976) used response surface analysis to study the
effect of these process parameters on TIA.

Contrary to steaming, shear forces are involved during extrusion cooking.
Mechanical degradation during plastic polymer extrusion is related to molecular siccion
induced by the application of stresses. This results in a reduction of the molecular weight of
the plastic polymers (Rauwendaal, 1994). Little is known about the cffect of shear forces on
the denaturation of proteins during extrusion cooking. Shear can cause physical
deformation of proteins and therefore possibly has an additional denaturation effect on
proteins. Marsman ef af (1995) studied the influence of shear forces on some chemical,
physical and physiological factors of toasted soybean meal during extrusion cooking.
They found no correlation between different shear levels and animal performance. If Tls
in soy flour are inactivated by the deformation of the TI molecules, this will result in an
extra process parameter to optimise the heat treatments where shear is involved, such as
extrusion- and expansion cooking.

It is unknown if the deformation of proteins during extrusion cooking has any
effect on the denaturation of proteins or on the inactivation of Tls particularly.

Aim of this thesis

The first aim of this thesis is to model the influence of steaming on the product quality of
soybeans. The ‘white-box’ approach has been worked out in Figure 2. The inactivation
kinetics of TIs in soy flour is measured and modelled under a large range of temperatures
and moisture contents. A process model for steaming is set up and combined with the
kinetics models for TIA and NSI to predict the residual TIA and NSI levels in the
steamed soybeans. The combined model is used to optimise the feed quality of soybeans
using TIA and NSI as quality parameters.

Second aim is to investigate the mechanism of TI inactivation in soy flour. The
inactivation kinetics of KSTI and BBl is studied.

Third aim is to nvestigate the influence of shear forces on the inactivation of Tls in
soy flour during extrusion cooking. The influence is examined by performing theoretical
calculations and extrusion cooking experiments.
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soy
inactivation mechanism (3)
influence of shear (4)
physical factors (6)

reaction kinetics process models
——= Tl-inactivation (7) extrusion cooking (4)
NSI-decrease (5) steaming {5)

l

prediction residual TIA and NSI levels

|

optimisation
feed quality (J and 6)
process costs (6)

Fig. 2. Outline of the thesis. Chapter numbers are between brackets.

Onutline of this thesis

Figure 2 shows an overview of the topics that are covered in this thesis. The inactivation
kinetics of TIs is measured and modelled in Chapter 2. The inactivation mechanism of TIs
in soy flour is studied in Chapter 3. In Chapter 4, the influence of extrusion shear forces
on the inactivation of TIs in soy flour is studied theoretically and experimentally. In
Chapter 3, the steaming process is modelled. The kinetics of NSI-decrease in soy flour is
determined in separate experiments. The decrease of TIA and NSI in soybeans during
steaming is predicted and compared with experimental data. In Chapter 5 and 6, the feed
quality of soybeans during steaming is optimised using TIA and NSI as quality
parameters. Furthermore, some additional aspects on the inactivation kinetics of TIs will
be discussed in Chapter 6.



8 Chapter 1

Symbols

ANF antinutritional factors

BBI Bowman-Birk inhibitor

KSTI Kunitz soybean trypsin inhibitor
NSI nitrogen solubility index

PDI protein dispersibility index

TI trypsin inhibitor

TIA trypsin inhibitor activity

UA urease activity
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2. Modelling of the inactivation kinetics of the trypsin
inhibitors in soy flour

Abstract

The inactivation kinetics of tryspin inhibitors {TIs) in soy flour was measured within a large
range of temperatures (80-134 °C) and moisture contents (0.08-0.52 g (g ds)'). The
inactivation of TTs showed a two-phase inactivation behaviour. The influence of the moisture
content on the inactivation rate of Tls was large at moisture contents <030 g (g ds)". Six
different inactivation kinetics models were used to describe the decrease of the trypsin
inhibitor activity at constant moisture content. The models were compared statistically using a
comected Akaike information criterium. The most parsimonious models at moisture contents
<0.30 g (g ds)™" were the model with two first order reactions each for a different TI group,
and the model with an irreversible inactivation of a native T to a partially active intermediate
TI, followed by a denaturation step. The n™ order reaction model was favored at moisture
contents >0.40 g (g ds)”. The kinetics parameters of the model with two first order reactions
were modelled as a function of moisture content. The overall inactivation model described the
experimental inactivation data of TIs well.

This chapter has been submitted as:
Rob van den Hout, Gerrit Meerdink, Klaas van 't Riet. Modelling of the inactivation kinetics of the trypsin
inhibitors in soy flour.
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Introduction

Soybeans are a good source of proteins for animals and human beings. However, a number of
antinutritional factors (ANFs) are present in soybeans, of which the trypsin inhibitors (TIs) are
generally considered as the most important ANFs. Two major groups of the TIs can be
distinguished: the Kunitz soybean trypsin inhibitor (KSTI) and the Bowman-Birk inhibitor
(BBI). The TIs are heat labile and can be mactivated by a heat treatment such as steaming and
extrusion cooking (Liener, 1994).

A kinetics model for the trypsin inhibitor activity (TIA) is useful in combination with a
process model to design or optimise the heat treatment of soybeans. Inactivation kinetics
of TIs has been investigated by several authors in different kinds of beans at ditferent
temperatures and moisture contents. DiPietro and Liener (1989) observed a first order
reaction for TIA in defatted soy flour (75=T<95 °C). Buerra et af (1984) found a first order
reaction for TIA in Phaseolus Vulgaris beans (70<T<100 °C). A two-phase inactivation for
TIs in Phaseolus Vulgaris beans (90<T<118 °C) and soybeans (102<T<137 °C) was
observed by Roa ef af (1989) and Van Zuilichem ef af (1993), respectively. This two-phase
inactivation behaviour for Tls was also found during steaming of Phaseolus Vulgaris beans
(Van der Poel, 1990). A possible explanation of this two-phase inactivation behaviour is a
difference in heat stability of KSTI and BBI. BBI generally has been considered to be more
heat stable than KSTI, based on their stability in aqueous solutions (Birk, 1961 and Obara and
Watanabe, 1971). Rouhana ef af (1996) found that both KSTI and BBI followed a first order
reaction in soymilk and that BBI was more heat stable than KSTI at temperatures below 137
°C. Other literature reported that KSTI is equally (Liener and Tomlinson, 1981} or more heat
stable (DiPietro and Liener, 1989 and Friedman ef af, 1991) than BBI in soy flour
Sanderson et al (1982) sugpested that thermal denaturation of KSTI in a potassium
phosphate buffer is not a simple two-state process and that significant levels of at least one
intermediate form must accumulate during denaturation.

The inactivation rate constant of TIs in soy flour as measured by DiPietro and Liener
(1989) was very dependent on moisture content at 95 °C {(5<mc<15%). Buerra ef af (1984)
found that the inactivation rate constant of TIs in Phaseolus Vulgaris beans was maximal at
0.30 g (g ds)”". However, the differences in the reaction rate constants were small above 0.30
g (g dsy'. The inactivation rate constant of TIs in Phaseolus Vulgaris of the first inactivation
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phase (Roa et al, 1989) showed a maximum at (.26 g (g ds)". The inactivation rate constant
of the second phase increased with increasing moisture content (0.10-0.47 g (g ds)™).

Roa ef af (1989) modelled the two-phase inactivation behaviour of TI in Phaseolus
Vulgaris with a discontinous equation of two successive first order reactions. Since the
discontinuity of this equation was not defined, this kinetics model can not be combined with
process models.

There is clearly no agreement on the inactivation kinetics of Tls. Different authors
presented different models and different explanations about the underlying mechanism. A
predictive model to describe the inactivation of Tls in soy flour at different temperatures and

moisture contents was not presented yet.

First aim of this study was to set up an overall kinetics mode} to describe the inactivation of
TlIs in soy flour as a function of temperature and moisture content, Second aim was 1o
compare mechanstically different kinetics models in their ability to describe the experimental
data. Experimental inactivation data were measured within a large range of temperatures,
moisture contents and residence times. When an inactivation experiment is staried, the
temperature of the sample increases until the equilibrium temperature has been reached. The
temperature of the samples during the expeniments must be known to estimate the kinetics
paramneters. A heat transfer model to predict the mean temperature of the sample during an
inactivation experiment is incorperated within the estimation procedure of the kinetics
parameters. Six kinetics models were fitted to the experimental data at constant moisture
content and were compared statistically. The kinetics parameters of the most parsimonious
kinetics model were modelled as a function of moisture content.

Theory

Inactivation kinetics models

Different kinetics models are used in literature to describe the denaturation of proteins. In

Table 1 six different inactivation kinetics models for T1s are presented. Model 1 describes a
"~ _single first order reaction. Model 2 describes the inactivation of two TI groups, e.g. KSTI and

BBI. These two groups inactivate each with a different first order reaction rate constant.

Parameter A is the fraction of one of the two groups of TIs in the unprocessed sample.
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Table 1. Inactivation kinetics models and their parameters

model integrated equation (constant T and mc) kinetics parameters (constant mc)
1 Cr _ okt E. ke
Co
2 Ci_ Akt +(1- A).gkat Eai, Ea, ki, ko, A
Co
3” dCtlTI Ea ] El' * Eﬂ > k" > ) 04
T=*kl'ct,ﬂ+k—1'ct,na 1, Ean ko1, ke, ke
dct TI
" ©=ky-Cypp -(koy +K3)-Cym,
C[ = Ct,TI +o- Ct,Tla
4 9_ — B . e—kl't + (1 _ B).e-kz't ; Ell, Eal, kﬂ, kl"l; o
Co
[B s &J
ky -k,
5Y same as model 3, except a=0 Eal, Ba, Bz, ko, ki, ke
6 Ea, kr]: n

1n((n-1)~k.t+c};")

In(C,) = A

model [: first order reaction; model 2: model with two TI groups; model 3: reversible reaction to

a partially active intermediate Tl,, followed by a denaturation step; model 4: irreversible reaction

to a partially active intermediate T, followed by a denaturation step; model 5: reversible reaction

to a inactive intermediate TI,-o followed by a denaturation step and model 6: n™ order reaction.

V- integration of these equations is not possible.

Henley and Sadana (1984) have presented a model for a series-type of enzyme deactivation.
The initial enzyme alters by a first order reversible reaction to a partially active form which

changes again by a first order reaction to a complete inactive state. Assuming that only three
forms of TIs exists: native TI, a partially active form TI, and a complete denaturated form
TIy, the inactivation of TTs is as follows (model 3):

kl k2

TI —=TI —» TI4

k.
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Parameter o is the activity fraction of TI,. Tt is not a priori known if o is dependent on
temperature or moisture content. Two simplified alternative readings of this model are also
used to describe the inactivation of Tls. One reading describes a first order irreversible
reaction to a partially active intermediate TL, followed by a first order denaturation (k =0,
model 4). This model was used by Henley and Sadana (1984) to fit deactivation data of
several enzymes. The other reading describes the inactivation of Tls by a first order reversible
reaction to an inactive intermediate T, followed again by a denaturation step (=0, model

5). The n™ order reaction model is used as model 6. Such a model was used to describe the
aggregation of B-lactoglobulin (Roefs, 1994). Since no inactivation mechanism is given here,
the n™ order reaction model for TIA is used for its predictive value only.

Different TT groups are assumed to inactivate with equal reaction rate constants for all
models, except the mode] with two TT groups. Notice that the model with two TI groups
(model 2) and the model with irreversible reaction to a partially active TI, (model 4) are
mathematical identical at constant temperature and moisture content (Table 1).

Reaction rate constants are assurmed to be dependent on temperature following the
Arrhenius equation. In order to diminish the correlation between the activation energy and the
pre-exponential factor, the pre-exponential factors (k) were estimated at a reference

temperature (T.,):

ln(k)=1n(k,)-%-<$-%) (1)

A reference temperature of 383 K was chosen. The kinetics parameters of Table 1 were
estimated using the experimental data at different temperatures and at constant moisture
content,

Comparison of the kinetics models

When models with different numbers of parameters are compared, the residual sum of
squares {RSS) does not give enough information to discriminate between these models. The
minimum corrected Akaike information criterion (AIC,) produces a ranking of parsimonious
models when the number of experimental data is small, or when the number of fitted
parameters is a moderate to large fraction of the number of data (Hurvich and Tsai, 1989):
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AIC, =m-1n(si)+’:‘m'—(_':‘)% (2)

in which:

s, =22 ©

RSS = E(Mf @
=1\ (CG) +C(0) / 2

Material and methods

Materials

Defatted, untoasted soy flakes (protein dispersibility index = 80) from Cargill {Amsterdan,
The Netherlands) were used. The initial moisture content of the flour was 0.08 g (g ds)"’. The
TIA of the untreated flour was 23.3 mg (g ds)”. KSTI was obtained from Merck (art. no.
24020).

Conditioning of the soy flakes

The soy flakes were milled on a Retsch mill with a 0.2 mm sieve. The flour was moisterised
by adding water dropwise to the flour in a cooled blender. The flour was stored for 5 il 7
days at 4 °C to equilibriate. The moisture content was measured according to AOAC (1990).

Inactivation experiments

A steel cell (1 mm steel thickness) was used for the inactivation experiments. The inner
chamber of the cell (2 mm height and 7 cm diameter) was filled with 5 g soy flour and placed
in a stirred oil or water bath. In a number of experiments the temperature in the middle of the
cell was measured with a thermocouple. Experiments were performed at moisture contents of
0.08, 0.13, 0.23, 0.30 and 0.40 g (g ds)”, each at temperatures of 90, 104, £19 and 134 °C,
and at 0.52 g (g ds)" at 80, 85, 90 and 104 °C. After the heat treatment, the cell was imme-
diately transferred to an ice-water bath, The flour was dried at 35 °C for 24 hours before the
determination of TIA.
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Trypsin inhibitor activity assay

TIA in soy flour was measured with trypsin-agarose chromatography as described by Roozen
and De Groot (1991) with minor modifications. This assay was chosen because only the
activity of the protein-like Tls is determined by this method. The samples were extracted with
a 25 ml 0.015 M NaOH solution containing 0.5 M NaCl. The extraction solution was applied
to the column. The column was subsequently washed with a 0.02 M Tris-HC! buffer (pH 8.0,
0.5 M NaCl) and a NaQAc bufter (pH 5.2, 0.5 M NaCl). TIs were eluted with a glycine-HCI
buffer (pH 3.0, 0.5 M NaCl). The protein concentration in the effluent was measured using a
modified Lowry method (Roozen and De Groot, 1991), using KSTI as a standard. The error
(the difference between measured and mean value, devided by the mean value) of the analysis
was 3%.

Physical properties of the soy flour

Heat conductivity of the flour was measured according to Pantaloni ef af (1977) with a needle
probe at 60 °C and at different moisture contents. Measured values were 0.135, 0.160 and
0.226 Wm™C™ at 0.25, 0.32 and 0.41 g (g ds)”, respectively. The specific heat of soy flour
was taken from Wallapapan ef @/ (1984).

Estimation of the kinetics parameters

The characteristic inactivation time 1, {(defined as the time to attain 37% residual TIA) was in
the same order of magnitude as the time needed for 99% temperature equilibration within the
inactivation cell for several inactivation experiments. Therefore, a heat transfer model was
incorporated within the estimation procedure of the kinetics parameters. The soy flour in the
cell was considered to be an infinite plate placed into a medium with a constant temperature
assuming internal and external heat transfer resistance (Luikov, 1968). External heat transfer
coefficients were estimated by fitting the heat transfer model to the measured temperatures in
the cell. The coefficients were used to predict the mean temperature of the flour in the cell as
a function of time during the inactivation experiments. The differential equations of the
kinetics models were combined with the heat transfer model. Parameter of (models 3 and 4)
was assumed to be independent on temperature. The total data set of TIA values was used to
estimate the kinetics parameters of the overall kinetics model {Table 4). Estimation of the
parameters was performed using the NLIN-procedure of SAS (SAS Institute Inc., 1988).
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Results and discussion

Figure 1 shows that the inactivation of TIs in soy flour does not follow first order kinetics. A
two-phase inactivation behaviour of TIs is observed. This two-phase inactivation behaviour is
more pronounced at temperatures >104 °C. This observation agrees with the findings of Roa
et ol (1989) for TIs in Phaseolus Vulgans. If the inactivation kinetics of TIs consists of
different reaction steps, differences in activation energies can result in a pseudo single first
order reaction at temperatures lower than ~100 °C and a two-phase inactivation at
temperatures higher than ~100 °C.

In(C, /Cq)
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Fig 1. Measured and estimated {—) inactivation of Tls in soy flour (mc=0.23 g (g ds)™).

Temperatures are: %0 (+), 104 (0), 119 () and 134 °C (*). Estimations were performed
with the overall kinetics model (Table 4).

Figure 2 shows a large increase of the inactivation rate of TIs with increasing moisture
content at low moisture contents (<0.3 g (g ds)"). The influence of the moisture content on
the inactivation rate is smaller at high moisture contents (>0.3 g (g ds)"): no difference in
inactivation rate is observed between 0.40 and 0.52 g (g ds)” at 104 °C. The observation of
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the moisture content dependency of the inactivation rate is in general agreement with the
findings of Buerra ef af (1984) and Roa ef al (1989).
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Fig 2. Influence of the moisture content on the inactivation of TIs in soy flour (T=104
°C), Moisture cantents are: 0.08 (0), 0.13 (+), 0.23 (¢), 0.30 (=), 0.40 (x) and 0.52 g (g
ds)” (*).

The estimated time for 99% temperature equilibration is about 110 s. Figure 2 shows that the
inactivation of TIs has already started in this heating-up period in several experiments, For
example, the characteristic inactivation time 1, at 0.40 g (g ds)” and 104 °C is lower than the
time needed for 99% temperature equilibration. This makes the need of a heat transfer model
applied obvious. Yet, this involves that the accuracy of the heat transfer model plays an
important role in the estimation of the kinetics parameters at very low T, values.
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Table 2. Kinetics parameters (E,’s, A, o and #) and deviation s,, of the inactivation kinetics
models at different moisture contents.

moisture content (g (g ds)™)

0.08 0.13 0.23 0.30 0.40 0.52
model 1
E. 107 195 165 110 122 103 153
Sw 29 37 62 53 70 49
model 2
E,;-107 200 221 204 222 247 221
E,»10° 208 148 134 130 117 180
A 0.832 0.672 0.833 0.764 0.840 0.785
Su 9 14 8 11 21 12
model 3
E.-10° 204 209 196 216 164 222
E,0 107 241 226 182 207 39 667
Eqo 107 314 143 124 103 51 207
a 0.000 0.000 0.113 0.000 0.105 0.171
S 9 13 8 11 15 11
model 4
E.;-10? 200 215 199 221 249 210
E.;10? 253 146 129 124 113 178
o 0.073 0.311 0.166 0.229 0.154 0.203
Sw 9 15 8 11 21 12
model 5
E.-10° 204 209 195 218 230 211
E,.-10° 246 227 194 210 185 214
E. 107 334 143 126 104 67 176
Sw 9 13 8 11 17 12
model 6
E, 107 209 184 157 157 199 184
n 1.48 1.79 2.04 2.53 2.80 2.20

S 11 17 13 13 17 11
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The results of the estimation of the kinetics parameters of the six inactivation kinetics models
and the corresponding AIC, values (Equation 2) are given in Table 2 and 3, respectively. As
expected from the experimental data in Figure 1, the deviation s, of the first order reaction
model (model 1) is much higher than the deviation of the other models for all moisture
contents. Also the estimated AIC, values for the first order reaction modet are higher than the
values for the other models. The first order reaction model is clearly unfavourable compared
to the other five models.

‘Fable 3. AIC, values of the inactivation kinetics models at different moisture contents.

moisture content (g (g ds)’')

model P 0.08 0.13 0.23 0.30 0.40 0.52

1 2 -41 -16 8 1 16 -9

2 5 -93 -43 =77 -52 -45 -84

3 7 -83 -39 -69 -45 -52 -87

4 5 -90 -42 =77 -52 -46 -84

5 6 -87 -44 -72 -50 -48 -79

6 3 -84 -37 -36 -51 -58 =91

m 32 23 25 23 31 35

the lowest AIC, values are bold.

At moisture contents <0.30 g (g ds)” the model with the two TI groups (model 2) is the most
parsimonious model compared to the other five models. The differences between the AIC,
values of the model with the two TI groups and the values of the irreversible model to a
partially active T, (model 4) are small The estimated kinetics parameters are almost equal
for both models and A almost equals (1-¢t). These two models are almost mathematically
identical (Table 1) because ky>>k; and A = (1-o). Consequently, the AIC, values of these
two models will be almost equal. Since these models can not be distinguished by comparing
the AIC, values, the estimated values of the parameters A and o are examined. Parameters A
and o have a different physical meaning. Figure 3 shows that the estimated 95%-confidential
intervals of parameter A overlap each other and that no trend in the values of A with maoisture
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content is to be seen. The same can be concluded for a. The conclusion that the estimated
parameter A is independent on moisture content agrees with its physical meaning. Parameter
o should not be independent on moisture content per s¢ from a mechanistic point of view.
Both models can be correct with respect to these results.

06 [

04 -

0 . ] ) 1 . ) . I . 1 .
0 c.1 0.2 0.3 0.4 05 0.6

me (g/g ds)

Fig 3. Influence of moisture content on the estimated parameter A (5, model 2) and its
95% confidence intervals.

The n™ order reaction model (model 6) has the lowest AIC, values of the six models at 0.40
and 0.52 g (g ds)". However, the values of this model at moisure contents <0.30 g (g ds)" are
higher than the values of the model with two TT groups and the irreversible model with a
partially active TL,. The estimated reaction order » is dependent on moisture content (Table
2) and the estimated 95% confidental intervals of # do not overlap each other, Considering
that the model with two TI groups and the irreversible model with a partially active TL, are
most parsimonious at mc<0.30 g (g ds)y', and that the n" order reaction model is most
parsimonious at mc20.40 g (g ds)”, the mechanism of TI inactivation might be dependent on
moisture content.
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The model with two T1 groups {model 2) and the irreversible model to a partially active TL,
{model 4) can be considered more parsimonious than the reversible model with inactive Tl
{model 5). Yet, the difference between these models is small.

The AIC, values of the reversible model with partially active TL, (model 3) are in 4 of 6 cases
higher than the values of its two readings {model 4 and 5). The lower AIC. value for the
reversible model with partially active TI, at 0.40 g (g ds)” can possibly be explained by the
experimental conditions. It was mentioned previously that the accuracy of the heat transfer
model plays an important role in the estimation of the kinetics parameters at very low 1, (e.g.
at mc—0.40 g (g ds)" and T=134 °C). This might also explain the low activation energy E..,
for this model at 0.40 g (g ds)" (Table 2).

The estimated activity fraction o of the intermediate TL, of this model (3) was zero at
moisture contents of 0.08, 0.13 and 0.30 g (g ds)". The estimated 95% confidential intervals
of o at the other moisture contents overlapped zero. These results indicate that model 3 is
equal to the reversible model with inactive TL,— (model 5).

Both the introduction of a partially active intermediate TI, in model 4 and the
introduction of the reversibility of the reaction in model 5 are sufficient to describe the two-
phase inactivation behaviour of Tls. This might explain that the combination of the partially
active intermediate TI, and the reversibilty in one model does not statistically give better fits.
It is therefore concluded that this model is worse than its two readings.

The model with two TI groups and the imeversible model with partially active TI, are
parsimonious models that decribe the inactivation of TIs well. For engineering purposes both
models are suitable to describe the inactivation of TIs. The model with two TI groups was
chosen to develop an overall inactivation kinetics model of TIs.

It was previously concluded that parameter A is independent on moisture content.
Figures 4 and 5 show the estimated pre-exponential factors and activation energies with their
estimated 95%-confidential intervals at different moisture contents. The logaritm of the pre-
exponential factors k;y and ko were assumed to be dependent on moisture content following a
logistic-like equation, The 95%-confidential intervals of the activation energy E.i overlap
each other and the estimated values of E.; do not show a trend with moisture content. E., is
therefore assumed to be independent on moisture content. Also the 95%-confidential intervals
of E.; overlap each other. However, the estimated values of E,, show a hyperbolic-like trend
with moisture content,
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Fig 4. Influence of the moisture content on the estimated pre-exponential factors k,y (a) and k. (b) and
their 95% confidence intervals. In some cases only the upper 95% confidence interval is shown (0)

because the estimated lower interval was negative.
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Fig 5. Influence of the maisture content on the estimated activation energies Ey (a) and E,; (b) and

their 95% confidence miervals,
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Therefore, different overall kinetics models with E,, dependent and independent on moisture
content were investigated. The overall model that gave the best fit is shown in Table 4. This
overall model results in a deviation s, of 14.5%. This deviation is low compared to the
average deviation of the sum of fits of the inactivation data at constant moisture content
{12.5%, Table 2). Figure 1 shows the estimated inactivation of Tls by the overall kinetics
model at a moisture content of 0.23 g (g ds)™.

Table 4. Kinetics parameters of the overall inactivation kinetics model {model 2 from Table 2 is used).

ke E.10° ko E10° A
a -11.0 205 -5.95 492 0.827
b 9.61 3.62 253
v 231 -0.382 0.893
d -152
k,=a+ ': ; k,2=a+b-mc+i; E,2=a+b-mc+~c—2; Ea and A are
14 gdmere mc me¢
independent on moisture content.
Conclusions

The inactivation of Tls in soy flour showed a two-phase inactivation behaviour. The
inactivation rate of TIs increased with increasing moisture content. The rate was less
dependent on moisture content towards higher moisture contents (>0.30 g (g ds)™).
Consequently, an increase in moisture content above 0.30 g (g ds)" during processing is
useless from a kinetics point of view. The most parsimonious kinetics models at moisture
contents <0.30 g (g ds)” were a model assuming two first order reactions for two TI groups,
and a model with a irreversible inactivation of a native TI to a partially active intermediate TI,
followed by a denaturation step. The n™ order reaction model showed the best results at high
moisture contents (20.40 g (g ds)™"). An overall kinetics model was developped that described
the inactivation of TIs within a large range of temperatures and moisture contents. This model
can be used in combination with models for processes such as steaming and extrusion
cooking to design and optimuse the heat treatment.
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Symbols
a fitting parameter ( mol”, s
A activity fraction of one of the two T groups at t=0  (-)
AIC, corrected Akaike information criterion ()
b fitting parameter (5", (gds)s' g,
(g ds) g’ mol™)
¢ fitting parameter (- gs' (gds)",
) ¢ mol? (g ds)®)
CG) measured trypsin inhibitor activity (mg:(g ds)™)
Ca) estimated trypsin inhibitor activity (mg-(g ds)™)
d fitting parameter {(gds)s'g™h)
E, activation energy (J-mol™)
k reaction rate constant ((mg(g ds)"y™s™)
ke pre-exponential factor at reference temperature T, ((mg-(g ds))™s™)
m sample size ()
mec moisture content (g (zds)™)
n reaction order )
p number of parameters )
R gas constant (K -mol™)
RSS residual sum of squares (-)
cG) - €|
S — G g %)
m
S’ weighted variance (-)
T temperature X)
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T, reference temperature K)
T1 trypsin inhibitor

TIA trypsin inhibitor activity (mg (g ds)™)
t time (s)
Greek

o fraction of activity of TL, )
B constant -)
T characteristic inactivation time (s)
Subscripts

0 at time t=0

1,-1,2 reaction step

d completely inactivated

t at time t

o intermediate partially active TI
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3. Inactivation kinetics study of the Kunitz soybean
trypsin inhibitor and the Bowman-Birk inhibitor

Abstract

The inactivation of trypsin inhibitors (TIs) in soy flour exhibits a two-phase inactivation
behaviour. It is sometimes assumed that a difference in heat stability of the Kunitz
soybean trypsin inhibitor (KSTI) and the Bowman-Birk inhibitor {BBI) is the reason for
this inactivation behaviour. Kinetics studies were performed with KSTI and BBI in soy
flour. These studies showed that this two-phase inactivation behaviour of TIs could not
be explained by the difference in heat stability of KSTI and BBI. KSTI and BBI in
commercial soy flour inactivated simultaneously during the first inactivation phase. BBI
probably inactivates with a first order reaction with a rate constant comparable to the
rate constant of the first phase of TIs in soy flour. The residual activity of Tls in the
second phase was caused by KSTI,

Inactivation of KSTI and BBI in an aqueous solution (T=104 °C) and in a starch
matrix (mc=0.25 g (g ds)” and T=104 °C) followed a first order reaction. KSTI and BBI
in a starch matrix with added cysteine (mc=0.25 g (g ds)” and T=104 °C) showed a two-
phase inactivation behaviour. The existence of thicls in soy flour seems to be responsible
for the two-phase inactivation of TIs in soy flour. We suggest that TIs in soy flour are
inactivated by sulphydryl-disulfide interchange during the first inactivation phase, and by heat
during the second phase.

This chapter has been submitted as:
Rob van den Hout, Marieke Pouw, Harry Gruppen, Klaas van 't Riet. Inactivation kinetics study of the
Kunitz soyhean trypsin inhibitor and the Bowman-Birk inhibitor.
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Introduction

Soybeans are generally heat processed to inactivate the antinutritional factors (ANFs).
Trypsin inhibitors (T1s) are generally considered to be the main ANFs in soybeans. Tls can be
divided in two main groups: the Kunitz soybean trypsin inhibitor (KSTI) and the Bowman-
Birk inhibitor (BBI). In kinetics studies a two-phase inactivation behaviour for TIs was
observed in soy flour (Van den Hout ef af, 1997). Such a two-phase inactivation behaviour
has also been found in Phaseotus Vulgaris beans (Roa ef af, 1989 and Van der Poel, 1990).

A possible explanation of this two-phase inactivation behaviour is that the two TI
groups inactivate with a different first order reaction rate constant each. BBI generally has
been considered to be more heat stable than KSTI, based on their stability in aqueous
solutions (Birk, 1961 and Obara and Watanabe, 1971). Rouhana er of (1996} found that both
KSTI and BBI followed a first order reaction in soymilk and that BBI was more heat stable
than KSTI at temperatures below 137 °C. Liener and Tomlinson (1981} concluded that KSTI
is equally heat stable to BBI by comparing the inactivation rate of TIs in a commercial and a
KSTI-free soy flour. DiPietro and Liener (1989a) found that KSTI in soy flour was more heat
stable than BBI. However, they did not observe the expected two-phase inactivation
behaviour upon Tls. This might be explained by the fact that the authors did not measure at
low residual TLA levels, and, therefore, performed their kinetics study in the first inactivation
phase of TIs. Moreover, the inactivation rate constant of BBI was only 1.4 times higher
than the rate constant of KSTI (T=95 °C and mc=15%). Friedman e af (1991) determined
the residual activities of KSTI and BBI in a commercial and a KSTI-free soy flour after
autoclaving. They concluded that KSTI was more heat stable than BBI. However, they did
not study the inactivation kinetics of KSTI and BBI, and did not relate their experiments
with a two-phase inactivation behaviour of TIs,

Van Zuilichem et al (1993) and Roa e af (1989) referred to Multon and Guilbot
(1975) to explain the two-phase inactivation behaviour of Tls in soybeans and Phascolus
Vulgaris beans, respectively. Multon and Guilbot (1975} explained the two-phase inactivation
behaviour of ribonuclease in wheat grains by the catalytic role of water during inactivation,

The results from literature concerning the difference in heat stability of KSTI and BBI in
soy flour are conflicting. In this study it was investigated if the two-phase inactivation
behaviour of Tls in soy flour can be explained by a difference in heat stability of KSTT and
BBI. Additional experiments were performed to examine the inactivation kinetics of BBI (and
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KSTI) in a KSTI-free soy flour, an aqueous solution and a starch matrix. As Friedman ef af
(1982 and 1984) showed that the addition of thiols increases the inactivation rate of TIs in an
aqueous medium, it was investigated how thiols influence the inactivation behaviour of T1s in
this study.

Material and methods

Materials

Defatted, untoasted soy flakes from Cargill (Amsterdam, The Netherlands) were used. These
flakes are from the same batch as used for the inactivation kinetics experiments in previous
research (Van den Hout ef @i, 1997). The trypsin inhibitor activity (TIA) of the untreated
flour was 23.3 mg (g ds)”. Anhydrotrypsin-agarose was obtained by PanVera (TAK 7302,
Madison, WI, USA}). The KSTI-free isoline (L81-4590) was grown by Illinois
Foundation Seeds Inc. {Champaign, IL, USA) and obtained via TNO Nutrttion and Food
Research (Zeist, The Netherlands). The initial TIA of the isoline was 10.9 mg (g ds)”.
Potato starch was supplied by AVEBE (Perfectamyl D-6, Veendam, The Netherlands),
KSTI by Merck (art. no. 24020), BBI by Sigma (art. no. T-9777) and L-cysteine by
BDH Chemicals (art. no. 37218).

Conditioning of the samples

1Is in soy flour. The KSTI-free soybeans were milled using a Retsch mill with a 1 mm sieve.
The obtained full fat soy grits were extracted with hexane at room temperature. The defatted
soy grits and the soy flakes (Cargill) were milled using a 0.2 mm sieve. The flour was
moisterised by adding water dropwise to the flour in a cooled {15 °C) blender to the desired
moisture content. The soy flour was stored for 5 till 7 days at 4 °C to equilibrate.

KSTI/BBI in buffer. A solution of 1 mg ml”" KSTI or BBI in 0.1 M Tris buffer (pH 8.0)
was prepared.

KSTI/BBI in starch. A 0.75 ml TI-solution (6.7 mg KSTI or BBI/ml water) was added
dropwise to 5 gram starch with optionally added 100 mg cysteine. The starch was stored
for 5 till 7 days at 4 °C to equilibriate.

Determination of the moisture content
The moisture content was measured according to AOAC (1990).
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Inactivation experiments

Inactivation experiments were performed with steel cells in a stirred oil bath according to
Van den Hout ef af (1997). The experimental conditions of the heat treatments of the soy
flour, the KSTI-free soy flour, the buffer and the starch matrix (with and without
cysteine added) are listed in Table 2.

TIA in soy flour

Combined KSTI/BB! activity. TIA in soy flour was measured with trypsin-agarose
chromatography as described by Roozen and De Groot (1991) with minor modifications
(Van den Hout ef al, 1997). The samples were extracted with a 25 ml 0.015 M NaOH
solution containing 0.5 M NaCl. The extraction solution was applied to the column. The
column was subsequently washed with a 0.02 M Tris-HCI buifer (pH 8.0, 0.5 M NaCl) and a
NaQOAc buffer (pH 5.2, 0.5 M NaCl). TIs were eluted with a glycine-HCI buffer (pH 3.0, 0.5
M NaCl). The protein concentration in the effluent was measured using a modified Lowry
method (Roozen and De Groot, 1991), using KSTI as standard. In case of the KSTI-free soy
flour, BBI was used as standard.

Individual KSTI/BBI activity. The individual activity of KSTI and BBI in soy flour was
measured by combining affinity chromatography with gel permeation chromatography
(GPC). Anhydrotrypsin-agarose was used for affinity chromatography because
anhydrotrypsin also binds TI but is, in contrast to trypsin, catalytic inert (Ishii, 1983).
Samples of the untreated and heat treated soy flour were eluted on an anhydrotrypsin-
agarose column using the same procedure as described for the trypsin-agarose column.
The eluate from the column was dialysed against distilled water and freeze dried. 200 pl
of a ~1 mg TIs ml” solution was applied to a FPLC system with a Superdex 30 column
(HiLoad 16/60 Pharmacia} using a 0.1 M sodiumphosphate buffer (pH 6.9) containing
0.1 M sodiumsulphate as ¢luens. The absorbance of the effluent was measured at 280
nm. The error of the measured peak area (the difference between measured and mean value,
devided by the mean value) was 18%. Absorbances at 280 nm (Azs) of KSTI;, KSTL; and
BBI were fitted using the peak areas of the GPC analyses of the commercial available
KSTI and BBI, assuming the Azg of KSTI; and KSTI; to be equal (Table 1).
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TIA in buffer and starch

KSTI/BBI in buffer. The sample was diluted with a 0.02 M Tris-HCl-buffer (pH 8.0, 0.5
M NaCl) and applied to a trypsin-agarose colurnn. The further procedure of the analysis
was similar to the analysis of combined KSTI/BBI activity in soy flour.

KSTI/BBI in search, TIs in starch were extracted with a 0.02 M Tris-HCI buffer (pH 8.0,
0.5 M NaCl) instead of a 0.015 M NaOH 0.5 M NaCl solution. No glycine was added
after centrifugation of the extraction solution. The supernatant was applied to a trypsin-
agarose column. The further procedure of the analysis was similar to the analysis of
combined KSTI/BBI activity in soy flour.

Electrophoresis

SDS-PAGE was performed using a Phastsystem seperation unit (Pharmacia) essentially
according to Laemmli (1970). Phastgels (8-25%, Pharmacia) were used. The gels were
stained with Coomassie Brilliant Blue according to the instructions of the manufacturer.

Estimation of the kinetics parameters
The two-phase inactivation behaviour of Tls is described with the following equation (Van
den Hout ef af, 1997):

TA A M tig-a)e
TIA,

Ayt

M

If the two-phase inactivation behaviour of TIs in soy flour can be explained by a difference in
heat stability of the two TI groups (KSTI and BRBI), each of them inactivating with a first
order reaction, then A; and A, in Equation (1) are the inactivation rate constants of the two TI
groups, and parameter A is the fraction of one of the two TI groups in the unprocessed
sample. The kinetics parameters A, A, and A were estimated by fitting Equation (1) to the
experimental data using the NLIN-procedure of SAS (SAS Institute Inc., 1988). For a first
order reaction kinetics, only parameter A; was estimated (A=1 in Equation (1)). When the
inactivation experiment is started, the temperature of the samples increases untill the
equilibrium temperature has been reached. These heating-up effects play a role in the
estimation: of the kinetics parameters, Therefore, the measured time of the experiments was
corrected by substracting the time needed for 95% temperature equilibration (69 s).
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Results and discussion

Figure 1 shows the typical two-phase inactivation behaviour of TIs in soy flour. The
average deviation between the residual TIA levels measured by anhydrotrypsin-agarose
chromatography and the levels measured by trypsin-agarose chromatography was 12 %
(Table 1). In concluding, the results of this work measured by anhydrotrypsin-agarose
chromatography can be related to the results of our previous work measured by trypsin-
agarose chromatography (Van den Hout ef al, 1997).

In(C,/Cy)

4 2 4 6 8 10
t (min)
Fig. 1. Inactivation of Tls in soy flour at 119 °C and 0.23 g (g ds)' as measured by
anhydrotrypsin-agarose chromatography (0). Equation (1) is used to fit the
experimental data from Table 1: TIA (—) , KSTI;+KSTL (—-) and BBI (- - -).

A typical example of a GPC elution profile of a soy sample is shown in Figure 2a.
Commercially available KSTI and BBI were analysed with GPC to identify the peaks.
Figure 2b and Table 1 show that commercially available KSTI contains residual levels of
BBI and vice versa. Three peaks in commercially available KSTI and BBI, and in the soy
samples have the same elution times (Figure 2a and b, and Table 1). The first peak at 45
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min is probably an aggregate of KSTI {encoded KSTI,) as SDS-PAGE analysis showed
that this peak consists of molecules with a molecular weight of approximately 20,000 (no
further results shown). The peaks at 51 min and 62 min had molecular weights of
approximately 20,000 and 8,000, and were identified by SDS-PAGE analysis as K3TI
(encoded KSTI,) and BRI, respectively (Table 1). A fourth small peak in the soy sample
at 103 min contains molecules with a low molecular weight, and could not be identified.
The fifth peak was eluted at the included volume and represents residual buffer
components.

A280

a 2 5 b 2

0 20 40 60 80 100 120 140 1600 20 40 60 80 100 120 140 180
t (min) t (min)

Fig. 2. GPC analyses of heat treated soy flour (a, t =1.5 min) and commerciaily available KSTI
®).

BBI contributes for 21% of the total activity of TIs in native soy flour (Table 1). This
initial percentage of BBI agrees with the values of 22% and 30% given by DiPietro and
Liener (1989b), and Friedman ef af (1991), respectively. The activity percentages of
KSTI,, KSTI, and BBI afier a heat treatment of the flour of 1.5 min are almost equal to
the activity percentages in the native sample (Table 1). The inactivation rate of BBI
during the first inactivation phase seems to be approximately equal to the rate of KSTL
This result agrees with the observation by DiPietro and Liener (1989a) that the
inactivation rate constant of BBI in soy flour is only 1.4 times higher than the rate
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constant of KSTI (T=95 °C and mc=15%). The activity percentage of BBI of total TIA
in the heat treated flour has (almost) decreased to zero in the second inactivation phase
(3, 7 and 10 min, Table 1). The residual activity of TIs in the second inactivation phase is
caused by the residual activity of KSTL The inactivation of KSTI shows a two-phase
inactivation behaviour and is responsible for the two-phase inactivation behaviour of TIs
in soy flour. The results show that the two-phase inactivation behaviour of TIs can not
be explained by the difference in heat stability of KSTI and BBI. The conclusion that
BBI in soy flour is overall more heat labile than KSTI is in line with the results of
Friedman et al (1991).

Figure 1 shows the estimated inactivation of KSTI and BBI in soy flour. The
inactivation of KSTI was described with Equation (1), and the inactivation of BBI with a first
order reaction kinetics (A=1 in Equation 1). It is noted that the reaction rate constants of
KSTI and BBI used in Figure 1 could not be estimated accurately because of the small
number of data (Table 1).

Table 1. TIA values and activity percentages of KSTIL;, KSTI; and BBI of total TIA in
commercial KST1 and BBY, and in (heat treated) soy samples {T=119 °C and me=023 g (g dsy").

sample, TIA TIA KSTL KSTI BBI
time" irypsin-agarose  anhydrotrypsin-
agarose

mg (g ds)” mg (g ds)” %)” )" (%)”
com. KSTI 21 49 30
com. BBI 4 14 82
soy flour, 0 233 226 6 73 21
soy flour, 1.5 15.5 12.7 9 73 18
soy flour, 3 5.72 5.85 6 g0 3
soy flour, 7 1.69 1.20 11 89 0
soy flour, 10 1.15 1.13 2 98 0

Y. commercial KSTI and BBI, and heat treated soy flour samples; time in minutes. 2

percentages of KSTI,, KSTL; and BBI of total TIA.

: activity






