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To study the incomplete enzymatic extractability of proteins and carbohydrates of thermally treated
soybean meals, one unheated and three heat-treated soybean meals were produced. To obtain truly
enzyme-resistant material, the meals were extracted by a repeated hydrolysis procedure using
excessive concentrations of different combinations of commercial protease and carbohydrase
preparations. The water extractability of protein from the different meals varied considerably (13-
67%). For all soybean meals, enzymatic treatment extracted most of the original protein (89-94%).
Carbohydrase preparations did not improve protein extraction. High-humidity heat treatment led
to a more effective enzymatic extraction, which seemed to correlate with the extent of protein
denaturation. Results with purified proteins indicated that the soybean meal matrix affects the
enzymatic extraction of protein from the meals. Interactions between protein and other components
(e.g., cellulose) may explain the incomplete enzymatic extractability of protein from the meals.
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INTRODUCTION

The in vitro protein digestibility of soybean meals by
enzymes has been shown to vary with thermal process-
ing conditions. As a result, enzymatic extraction by
commercial enzymes, i.e., the degradation and solubi-
lization of soybean meal (SBM) protein, is often incom-
plete (1). Fractions containing enzyme unextractable
protein represent a loss of valuable protein for the
manufacturers of enzymatic soy hydrolysates. An in-
depth characterization of the unextractable residue is
required to obtain a knowledge base to improve the
protein yield during hydrolysis of soybean meals.

Defatted soybean meal (SBM) contains approximately
50% protein (w/w) which is mainly composed of glycinin
and â-conglycinin. The nutritional value of unprocessed
soybean meal is limited by the presence of antinutri-
tional factors (ANFs) such as trypsin inhibitors, lectins,
and oligosaccharides (2). In addition to protein, SBM
contains approximately 16% polysaccharides. A large
part of the polysaccharides is cellulose and more than
half represents pectic substances. The latter can be
divided into rhamnogalacturonans containing arabinan
and arabinogalactan side chains, xylogalacturonans,
and rhamnogalacturonans type II (3, 4). Together these
structures form a complex matrix, which form ag-
glomerates with the cell wall proteins (5). The complex

matrix composition of the native soybean meal is
suspected to affect protein availability and extractability
by enzymes (1).

To improve the nutritional value of the unheated
meal, soybeans are subjected to thermal treatments
such as toasting and extrusion (1, 6-8). Depending on
temperature and humidity conditions during heat treat-
ment, the components of the soybean matrix may
interact resulting in a reduced enzymatic degradability
and extractability of the proteins (9, 10). Generally, the
effects of heat treatment on solubility and the proteolytic
degradation of pure soy proteins, concentrates, and
isolates are well described in the literature (7, 11-15).
Purified native proteins may show some resistance
toward proteolytic degradation, but the enzymatic de-
gradability of most proteins improves by appropriate
heat treatment at high humidity followed by proteolysis
(16, 17). Hydrolysates of soy isolates produced with
single proteases (e.g., trypsin, pepsin, chymotrypsin, and
papain) often show a limited degree of hydrolysis (18,
19). A higher degree of hydrolysis can be obtained with
combinations of endo- and exo-protease-containing prepa-
rations such as Alcalase and Flavourzyme (20).

Less work has been published covering the effects of
heat treatment and subsequent enzymatic proteolysis
of SBM protein compared to that published on purified
proteins and protein isolates. In most cases the compo-
sition of the extracted material is the subject of interest
(11). Marsman et al. (1) studied the in vitro accessibility
of the water-unextractable solids (WUS) from untreated,
toasted, and extruded soybean meals for different pro-
tease and carbohydrase activities; they showed that the
proteins in the extruded sample were more rapidly and
completely degraded than those in the toasted and
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untreated soybean meals. Recently, Lee (21) character-
ized hydrolysates of protein dispersions, produced from
defatted SBM and treated with Alcalase and Fla-
vourzyme. The amount of free amino acid, dipeptide,
and tripeptide accounted for almost half of the proteins
in the hydrolysate, and the oligopeptides (360-2000 Da)
constituted 40%. In both studies, no attention was given
to the enzyme-unextractable material.

Therefore, the aim of this study is to determine the
amount and composition of residues obtained after
enzymatic treatment of unheated SBM and SBMs heat-
treated at different humidities. High concentrations of
commerial protease and carbohydrase enzyme prepara-
tions are used in a repeated hydrolysis procedure to
obtain truly enzyme-unextractable material. The ex-
tractability of protein and carbohydrates from the meals
is subsequently examined, and the unextractable resi-
dues are quantified and characterized with respect to
amino acid and carbohydrate composition.

MATERIALS AND METHODS

Soybean Meal Preparation and Heat Treatment. Un-
heated soybean meal was produced according to Lakemond
(22) from unheated Williams 82 soybeans (from the 1994
harvest, stored at -20 °C). The final product had a protein
content (N × 6.25) of 49% (w/w) and a particle size of 0.5 mm.
It was denoted USBM and stored at -20 °C. Subsequently,
two other meals were prepared from this USBM. The first was
heat-treated at high humidity: USBM (200 g) was mixed with
1800 mL of water in 2-L screwcap bottles, stirred for 1 h, and
subsequently autoclaved with closed lid for 15 min at 125 °C
in a table autoclave. After the mixture was autoclaved, the
suspension was cooled in an ice bath. The product was denoted
SBM-H and stored at -20 °C or used directly. The second heat-
treated meal was produced at low humidity: USBM (250 g)
was freeze-dried overnight and subsequently transferred to a
desiccator. The water content was adjusted to 15% relative
humidity by equilibrating the meal above a saturated potas-
sium nitrate solution (31.6 g in 100 mL of water). Equilibration
was allowed for 3 days at 25 °C. The meal was placed in an
airtight container and heat-treated in a table oven at 125 °C
for 15 min. The product was denoted SBM-L and stored at
-20 °C. A third heat-treated SBM, termed NN, was obtained
from a local mill. It had a protein content (N × 6.25) of 49%
(w/w), was conditioned at 68 °C for 10 min, and pelletized (3
mm × 10 mm) at 85.2-86.9 °C. The meal was stored at -20
°C.

Isolation and Heat Treatment of Soybean Proteins.
Glycinin and â-Conglycinin. Glycinin and â-conglycinin were
isolated from USBM essentially according to procedures
described by Thanh and Shibasaki (23). The resulting protein
solution of 11S glycinin (12 mg/mL) showed a purity >90% by
SDS-PAGE analysis. The solution was stored at -20 °C.

The resulting protein solution of crude â-conglycinin (50%
pure) was further purified by affinity chromatography. A
column (26 mm × 200 mm) was packed with 100 mL of ConA
Sepharose (Amersham Pharmacia Biosystems, Sweden) and
washed with 35 mM potassium phosphate buffer (pH 7.6)
containing 0.4 M NaCl and 2 mM â-mercaptoethanol. Crude
â-conglycinin (200 mL) was added at a flow rate of 2 mL/min.
The absorbance of the eluate was monitored at 280 nm. After
removing unbound material with the washing buffer, the
column was eluted isocratically with 0.5 M R-D-glucopyrano-
side (Sigma, St. Louis, MO) in the same buffer. The eluate
was collected and washed by diafiltration using a 400-mL
ultrafiltration cell (Amicon, CA) with a 3-kDa membrane at a
nitrogen pressure of 2 bar. The final protein concentration was
13 mg/mL. SDS-PAGE showed a purity of 85%. The solution
was stored at -20 °C.

Kunitz Trypsin Inhibitor and Lectin. Kunitz trypsin inhibi-
tor (KSTI) from soy was purified from a commercial product
(prod. no. 93618, Fluka Biochemica, Germany). An ÄKTA

Explorer system equipped with a Superdex 75 Hiload column
(16 mm × 700 mm) (both from Amersham Pharmacia Biosys-
tems, Sweden) was used. KSTI (1 g) was dissolved in 30 mL
of the 35 mM potassium phosphate elution buffer at pH 7.6.
Several injections of 5 mL were put onto the column, which
was eluted at a flow rate of 10 mL/min. The absorbance of the
eluate was monitored at 280 nm. Fractions eluting from the
column were analyzed by SDS-PAGE, and the fractions
containing essentially pure protein were pooled. These pooled
fractions were diafiltrated with Millipore purified water using
a 100-mL ultrafiltration cell (Amicon, CA) with a 3-kDa
membrane at a nitrogen pressure of 2 bar. The recovery of
protein was 75% with a final concentration of 5.5 mg/mL. The
solution was stored at -20 °C.

Soybean lectin was purified from unheated soybean meal
(prod. no. S-9633, Sigma, St. Louis, MO) according to Gordon
(24) with affinity chromatography using N-ε-aminocaprooyl-
â-D-galactopyranosylamine Sepharose (Sigma). The fractions
eluting from the column were analyzed by SDS-PAGE, and
fractions containing essentially pure protein were pooled. The
lectin protein solution (4.8 mg/mL) was stored at -20 °C.

Heat Treatment. The purified proteins were subjected to
heat treatment at high or low humidity. In each case, an
amount equivalent to 5 mg of protein was weighed into a 2-mL
Eppendorf tube. For heat treatment at high humidity, the
volume was adjusted to 2 mL by addition of 35 mM potassium
phosphate buffer (pH 7.6). The tubes were heat-treated in a
table autoclave for 20 min at 125 °C. Before heat treatment
at low humidity, the purified proteins were freeze-dried in the
tube and subsequently heat-treated in the Eppendorf tubes
in an oven with closed lid for 20 min at 125 °C. Samples were
cooled at room temperature and stored at -20 °C.

Enzymes. Four enzyme preparations were selected for the
experiments. Alcalase Food Grade (A) is a preparation from
Bacillus licheniformis. The main component, Subtilisin A, is
an endoproteinase. The pH optimum is between pH 6.5 and
8.5. Flavourzyme (F) is a protease complex from Aspergillus
oryzae. It contains endoproteinases and exopeptidases and has
a pH optimum of between pH 5.0 and 7.0. Energex (E) from
Aspergillus aculeatus and Biofeed Plus (B) from Humicola
insolens are carbohydrase preparations, which hydrolyze a
broad range of carbohydrate polymers. All enzymes were from
Novozymes A/S (Bagsvaerd, Denmark).

Enzymatic Hydrolysis. Purified Proteins. The efficiency
of the Alcalase and Flavourzyme protease combination for
hydrolysis of the unheated and the heat-treated purified
proteins was examined (in duplicate). Proteins subjected to
high-humidity heat treatment were used directly after heat
processing (as described above). For these and for the unheated
material an amount equivalent to 5 mg of protein was pipetted
into an Eppendorf tube and made up to 2 mL by 35 mM
potassium phosphate buffer (pH 7.6). The proteins subjected
to heat treatment at low humidity (see above) were taken from
the freezer and solubilized in 50 µL of 8 M urea. Next, the
volume was adjusted to 2 mL using 35 mM potassium
phosphate buffer (pH 7.6) to a final urea concentration of 0.2
M. Alcalase (2.5%) and Flavourzyme (5%) were added (ex-
pressed as volume of enzyme product/weight of protein).
Hydrolysis took place in an Eppendorf Thermomixer comfort
(Eppendorf, Germany) at 40 °C for 16 h at 700 rpm. The
hydrolysates were analyzed by SDS-PAGE.

Efficiency of Different Enzyme Combinations. A repeated
hydrolysis of the NN meal was performed to find the enzyme
combination which could extract the most protein from the
meals in subsequent experiments. Meal (200 g) was mixed with
1800 mL of water in 2-L screw cap bottles. Chloramphenicol
(100 mg/L) was added to prevent microbial growth. The
suspensions were adjusted to pH 7 with 1 M NaOH, placed in
a water bath at 40 °C, and stirred for 1 h. At this point samples
were taken to determine the effects of the different heat
treatments on the extractability of proteins and carbohydrates
in water prior to enzymatic treatment of the meals. Subse-
quently, Alcalase (2.5%) and Flavourzyme, Energex, and
Biofeed Plus (5%), respectively, were added (expressed as
volume of enzyme product/weight of protein). Different com-
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binations of the four enzyme preparations were tested. The
mixture containing Alcalase and Flavourzyme was termed AF,
and the mixture containing Alcalase, Flavourzyme, Energex,
and Biofeed Plus was termed AFEB. The used combinations
were AF-AF, AF-AFEB, AFEB-AF, and AFEB-AFEB.
After enzyme addition, hydrolysis took place at the pH of the
suspension at 40 °C for 16 h with constant stirring. The pH
was adjusted to 7, and the extracted material was removed
by centrifugation (20 min; 15000g; 4 °C). Supernatants were
discarded. Residues were washed 3 times with 500 mL of ice-
cold deionized water and freeze-dried before the second hy-
drolysis was started. The residues were dispersed in water at
same water/substrate ratio used for the first hydrolysis. The
pH of the dispersion was adjusted to 7, and the residue was
enzyme-treated again at conditions similar to those of the first
hydrolysis. After hydrolysis, the pH was adjusted to 7, and
supernatants and residues were separated by centrifugation
(20 min; 15000g; 4 °C). Supernatants were discarded. Residues
were washed and freeze-dried as described above.

The enzyme combination resulting in the highest extraction
of protein from NN was subsequently used to hydrolyze the
NN, USBM, SBM-H, and SBM-L meals. A repeated enzymatic
hydrolysis was performed with the AFEB-AFEB enzyme
combination according to the procedures described above.

The enzymatic extraction of dry matter (EDM), protein (EP),
and carbohydrates (EC) from the different enzyme treatments
was calculated by subtracting the values of the residues from
the values of the original material. All hydrolyses were
performed in duplicate.

Statistical Variation. The reproducibility of the enzymatic
hydrolysis has been previously examined in triplicate. The
enzymatic protein extraction (EP) has a standard deviation
of less than 1%, and the standard deviations of EDM and EC
are between 0.2% and 0.5%. This should be considered during
interpretation of the results.

Differential Scanning Calorimetry (DSC). The extent
of protein heat denaturation in the meals was determined by
differential scanning calorimetry in a micro-DSC (Setaram,
France). The four SBMs were suspended in a 35 mM potas-
sium phosphate buffer (pH 7.6), containing 0.1 M NaCl (I )
0.2). The protein concentration of the SBM suspensions was
50 mg/mL. The stainless steel vessels contained 0.9 mL of
suspension. The samples were scanned from 20 °C to 115 °C
at a scanning rate of 1.2 K min-1 and subsequently cooled to
20 °C at the same rate. The peak denaturation temperature
(Tp), the temperature of the maximum heat capacity, was read
from the curves. The peak areas of the unheated meal (USBM)
were used to calculate the extent of protein heat denaturation
in the other meals.

Dry Matter (DM). Dry matter was defined as the weight
(Mettler AE 240, Switzerland) of meals and residues after
freeze-drying.

Protein. The protein content (N × 6.25) of the final residues
was determined by a semi-automated Kjeldahl method. Ap-
proximately 25 mg of the dry samples was destructed in
concentrated sulfuric acid at 200-385 °C according to the
Kjeldahl method (25). The released NH3 was determined with
an ammonia-hypochlorite-salicylate reaction on a Skalar
5101 auto-analyzer (Skalar, The Netherlands). Protein con-
tents are the mean of three determinations.

Carbohydrate Composition. Neutral Carbohydrates. The
polysaccharides were hydrolyzed by pretreatment with 72%
(w/w) H2SO4 for 1 h at 30 °C, followed by hydrolysis with 1 M
H2SO4 for 3 h at 100 °C. The neutral carbohydrates were
converted to their alditol acetates and analyzed by gas
chromatography (26). Inositol was used as internal standard.
Alditol acetates were separated on a 3 m × 2 mm (i.d.) glass
column (packed with Chrome WAW 80-100 mesh coated with
3% OV275) in a Carlo Erba Fractovap 2300 GC operated at
200 °C and equipped with a flame ionization detector (FID)
set at 270 °C.

Uronic Acids. The uronic acid content was determined using
an automated m-hydroxy biphenyl assay (27). For the proce-
dure, 96% (w/w) H2SO4 containing 0.0125 M sodium tetrabo-

rate was used to quantify glucuronic as well as galacturonic
acid residues.

Carbohydrate contents are the mean of three determina-
tions.

Amino Acid Analysis. The amino acid composition was
determined using an automated derivatizer analyzer system
(model 420A) with a 130A separation unit and a 920 data
module. All equipment was from Applied Biosystems (Foster
City, CA). Each sample (10 mg) was hydrolyzed in 100 µL of
6 M HCl for 16 h and subsequently derivatized by PITC.
Separation was performed using a C18 reversed-phase column
(21 mm × 220 mm) at a flow rate of 300 µL/min. The
absorbance of the eluate was monitored at 254 nm. Amino acid
standard H (Pierce, IL) was used for identification. Amino acid
contents are the mean of six determinations.

SDS-PAGE. SDS-PAGE was performed on a Protean-
system (Bio-Rad, Hercules, CA) using 10-20% pre-cast gels
(Bio-Rad). Gels were processed at 200 V, 20 mA for 50 min,
stained by Coomassie Brilliant Blue overnight, and then
destained with 30% methanol and 10% acetic acid in deionized
water according to the instructions of the manufacturer. Gels
were scanned using a Computing Densitometer (Molecular
Dynamics, Sunnyvale, CA).

RESULTS AND DISCUSSION

Enzymatic Degradability of Purified Proteins.
Prior to studying the enzymatic extractability of the
unheated and heat-treated SBMs, the degradability of
the purified proteins was examined after heat treatment
at comparable conditions. SDS-PAGE analysis (results
not shown) revealed that the unheated, as well as the
heat-treated, glycinin and â-conglycinin proteins were
all degraded to fragments below the lower separation
limit of the gel (approximately 10 kDa). Also, KSTI heat-
treated at high humidity and low humidity and lectin
heat-treated at high humidity were fully degraded (no
bands detected). In contrast to this, the unheated KSTI
and especially the unheated and low humidity heat-
treated lectin were partially resisting enzymatic deg-
radation (Figure 1A-C). The resistance of these two
proteins is supported by Hessing et al. (17) and by
Armor et al. (28) who found that KSTI and lectin
activity was resisting proteolytic degradation, especially
after heat treatment at dry conditions.

The results show that all major soy proteins heat-
treated at high humidity were well degraded after
incubation with the Alcalase and Flavourzyme protease
mixture. The observed resistance by the unheated and
low humidity heat-treated KSTI and lectin proteins
indicate that a complete enzymatic extraction of these
proteins during proteolytic treatment of unheated and
low humidity heat-treated SBMs may be difficult to
obtain.

Efficiency of Different Enzyme Combinations
for Extraction of SBMs. Selection of Enzyme Combi-
nation. To establish the hydrolysis conditions for opti-
mal protein extraction, the NN meal was hydrolyzed by
different combinations of protease and carbohydrase
preparations. The results are presented in Table 1. The
extraction of protein (EP) after the first hydrolysis step
reached 83% both with (AFEB) and without carbohy-
drases (AF). After the repeated hydrolysis EP reached
95-96%, independent of the combination of enzymes
used, indicating that the majority of the initial protein
could be extracted without the need for a carbohydrase
enzyme preparation.

The extraction of carbohydrates (EC) was 44% for the
AF treatment. The AF-AF combination gave an EC of
49% and 56% for AF-AFEB. With the use of proteases
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and carbohydrases (AFEB) the EC reached 64%. The
AFEB-AF and the AFEB-AFEB combinations both
resulted in an EC of 74-75%. The difference in the final
extraction between the AF-AF and AF-AFEB combi-
nations and the AFEB-AF and AFEB-AFEB combina-
tions shows that proteases and carbohydrases are
needed together (the AFEB combination) in the first
round of the hydrolysis to obtain a high extraction of
carbohydrates after the repeated hydrolysis.

The highest extraction of protein and carbohydrates,
and therefore the most resistant residue, was obtained
with the AFEB-AFEB enzyme combination. This com-
bination was selected as the standard hydrolysis pro-
cedure for the subsequent experiments.

Enzymatic Extraction of Heat-Treated SBMs. To dif-
ferentiate between aqueous and enzymatic extraction,
the effects of the different heat treatments on the water
extractability of proteins and carbohydrates prior to
enzymatic treatment was determined (Table 2). The
protein of USBM (67%) was the most water-extractable,
followed by the proteins of SBM-H (30%), NN (20%), and
SBM-L (13%). The results show that, compared to
USBM, any kind of heat treatment is unfavorable for
the extractability of protein from the SBMs, and,
moreover, that the heat-induced reduction of extract-
ability varies with the presence or absence of water
during heat treatment (9, 10, 29). The unheated mate-
rial was, not surprisingly, the most extractable because

the proteins are in a condition free from thermally
induced aggregation or cross-linking. It has previously
been shown that heat treatment of USBM sharply
decreases nitrogen extractability (30). Also, the extract-
ability of carbohydrates from the SBMs in water varied
with the heat treatment conditions. About 40% of the
carbohydrates were extracted from the unheated mate-
rial (USBM). The extractability was reduced to 20% by
heat treatment at low humidity (SBM-L) but was
increased to 51% when heat treatment was done at high
humidity (SBM-H). Most likely, pectic structures were
extracted by the autoclavation (31).

Independent of the heat treatment, the enzymes were
very effective for extraction of proteins from all meals
(Table 2). The EP of USBM increased from the 67%
extracted in water to 89% after enzymatic treatment.
For the heat-treated meals the EP increased from 30%
to 94% for SBM-H and from 13% to 89% for SBM-L.
The EP of NN increased from 20% to 92%. The extraor-
dinary high EPs found for SBM-H and NN indicate that
the wet autoclavation affected the enzymatic extract-
ability of these substrates positively.

The extractability of carbohydrates from the USBM
increased from 40% in water to 76% after enzymatic
treatment. Before enzymatic treatment the heat treat-
ment at low humidity (SBM-L) reduced the EC by 50%
(compared to USBM), but after enzymatic treatment the
ECs of USBM and SBM-L were comparable (76% vs
78%). Also, the EC of NN and SBM-H were comparable

Figure 1. SDS-PAGE gels showing native KSTI (A), unheated lectin (B), and low humidity heat-treated lectin (C). The contents
of the lanes are: ST, molecular weight standard (94, 67, 43, 30, 20.1, and 14.4 kDa); 1, protein solution before hydrolysis; 2,
enzymatic hydrolysate (without separation).

Table 1. Effects of Different Combinations of Proteases
and Carbohydrases on the Extractability of Dry Matter
(EDM), Protein (EP), and Carbohydrates (EC)

enzymesa EDMb EPc ECd

AF - 67 83 44
AF AF 77 95 49
AF AFEB 82 96 56
AFEB - 74 83 64
AFEB AF 86 96 74
AFEB AFEB 86 96 75
a Enzymes: AF, Alcalase + Flavourzyme; AFEB, Alcalase +

Flavourzyme + Energex + Biofeed Plus. All data are based on
double determinations. b Expressed as gram dry matter extracted
per 100 g SBM. c Calculated from protein content (N × 6.25).
Expressed as % extracted of total protein present in SBM.
d Calculated from sugar content. Expressed as % extracted of total
carbohydrates present in SBM.

Table 2. Extraction of Dry Matter (EDM), Protein (EP),
and Carbohydrates (EC) from the Unheated and Heated
Soybean Meals before Enzymatic Treatment (in Water)
and after Enzymatic Treatment with Alcalase,
Flavourzyme, Energex, and Biofeed Plus

before enzymes after enzymes

EDMa EPb ECc EDMa EPb ECc

NN 38 20 34 88 92 81
USBM 60 67 40 85 89 76
SBM-H 49 30 51 90 94 85
SBM-L 33 13 20 82 89 78

a Expressed as gram dry matter extracted per100 g SBM. All
data are based on double determinations. b Calculated from protein
content (N × 6.25). Expressed as % extracted of total protein
present in SBM. c Calculated from sugar content. Expressed as %
extracted of total carbohydrates present in SBM.

4466 J. Agric. Food Chem., Vol. 49, No. 9, 2001 Fischer et al.



(81% vs 85%) showing the positive effect of high humid-
ity heat treatment on enzymatic extractability.

A comparison of USBM and SBM-L shows that none
of the proteins, which became unextractable in water
upon heat treatment at low humidity, remained enzyme
unextracable. This means that, although dry heat
treatment reduces aqueous EP strongly it does not make
the proteins less susceptible to enzymatic extraction, as
the protein of both of these meals was 89% extractable.
The SBM-H and NN shared the highest enzymatic
protein extractability (92% and 94%). Both substrates
were heat-processed at relatively high humidity, which
indicates that this condition renders the meals more
susceptible to enzymatic degradation, as previously
suggested (1, 30). Compared to the three other meals,
the larger particle size of NN (pellets) may have reduced
the extraction of protein and carbohydrates in water
prior to enzymatic treatment. However, the data indi-
cate that the difference in particle size did not prevent
enzymatic extraction of proteins from this meal. This
observation confirms the efficiency of the enzyme com-
bination for protein extraction.

Heat Denaturation and Enzymatic Extraction.
The extent of protein denaturation of the meals after
heat treatment was monitored by DSC. The DSC
thermograms of the four SBMs are shown in Figure 2.
The curve of USBM shows two endothermic transitions
with peak temperatures (Tp) of 74 °C and 95 °C
corresponding to denaturation of the major proteins, 7S
â-conglycinin and 11S glycinin, respectively (32, 33).
Whereas the SBM-H (high humidity) resulted in com-
plete denaturation of both 7S and 11S globulins, incom-
plete denaturation was found after low humidity heat
treatment (SBM-L). Compared to that of USBM, the
â-conglycinin peak areas of NN and SBM-L were
reduced by 79% and 86%, respectively. Compared to
USBM, the glycinin peak area of NN was reduced by
18%; the glycinin peak area of SBM-L was unchanged
after the heat treatment. The absence of transition
peaks in SBM-H shows the efficient, irreversible protein
unfolding occurring during high humidity heat treat-
ment.

Comparison of the enzymatic extractability of the four
meals presented in Table 2 and the denaturation state
of the proteins suggests a correlation between the
reduced enzymatic extractability of the proteins and the

observed incomplete protein denaturation. The protein
of the fully heat-denatured meal (SBM-H) was the most
enzyme extractable (94%) and the unheated USBM and
the poorly denatured SBM-L meals were the least
extractable (89%).

The previous results on purified proteins showed that
they were fully degraded after appropriate heat treat-
ment at high humidity. In contrast, even after heat
processing which resulted in complete protein denatur-
ation (SBM-H), a complete enzymatic extraction of the
meal protein (94% f 100%) was never reached. There-
fore, the composition of the enzyme unextractable
residues was analyzed in more detail.

Composition of Enzyme-Unextractable Material.
Protein. The amino acid compositions of the two original
meals and the obtained enzyme unextractable residues
are presented in Table 3. The residues contained 15-
20% protein. The amino acid compositions of the meals
were comparable to those reported in the literature (7).
Enzymatic extraction of NN caused an increase in the
proportion of the hydrophobic amino acids (34) in the
residue. Gly, Ala, Val, and Leu increased from 30% of
total in the NN to 41% in the enzymatic residue. This
change was accompanied by a decrease in the proportion
of hydrophilic amino acids Lys, Arg, and His (34) from
14% in NN to 10% in the residue.

The proportion of hydrophobic amino acids in the
USBM increased from 30% in the SBM to 35% in the
residue. This change was accompanied by a minor
decrease in the proportion of the hydrophilic amino acids
in the residue. For SBM-H the content of hydrophobic
amino acids in the residue was 38%. The proportion of
hydrophilic amino acids decreased insignificantly. The
proportion of hydrophobic and hydrophilic amino acids
for SBM-L was more or less unchanged.

Generally, the increased hydrophobic character of the
enzymatic residues suggests that the residues were
enriched in hydrophobic amino acids or hydrophobic

Figure 2. DSC-thermograms of soybean meal suspensions (50
mg protein/mL) in 35 mM potassium phosphate buffer con-
taining 0.1 M NaCl (pH 7.6), I ) 0.2 M; A, USBM; B, NN; C,
SBM-L; D, SBM-H. Scanning rate was 1.2 K min-1.

Table 3. Protein Content and Amino Acid Composition
(molar %) of the NN and USBM Soybean Meals (SBMs)
and the Four Residues Obtained after Enzymatic
Extraction

SBMsa residuesa SPIb

NN USBM NN USBM SBM-H SBM-L av SD

proteinc 49.4 49.2 15.3 19.9 17.3 18.3 n.d. n.d.
Ala 7.5 7.4 10.1 8.3 10.1 6.7 5.96 0.27
Arg 5.7 5.5 4.0 5.4 4.0 6.6 5.73 0.43
Asxd 10.1 10.8 7.5 9.4 8.1 7.8 10.96 0.44
Cys 0.9 0.8 1.5 0.4 0.5 1.0 1.00 0.14
Glxe 12.0 13.3 7.7 11.4 7.8 7.3 16.88 0.14
Gly 8.9 8.3 11.2 9.4 10.4 9.9 7.00 0.21
His 2.3 2.2 1.5 1.7 1.8 2.7 2.21 0.26
Ile 4.5 4.4 4.7 4.6 4.8 4.9 4.74 0.34
Leu 8.1 8.4 11.8 10.4 11.4 6.2 8.12 0.34
Lys 6.2 6.5 4.6 6.6 4.7 7.0 5.44 0.44
Met 0.6 0.5 0.6 0.6 1.0 1.6 1.38 0.22
Phe 4.4 4.3 4.7 4.4 4.5 6.1 4.40 0.26
Pro 6.9 6.4 7.4 6.5 9.6 6.6 6.42 0.51
Ser 8.3 7.8 7.8 7.2 7.1 9.2 6.47 0.26
Thr 5.1 4.8 5.3 4.6 4.1 6.8 4.17 0.17
Trpf - - - - - - 0.83 0.09
Tyr 2.7 2.7 2.3 2.4 2.7 3.3 2.95 0.29
Val 5.9 5.8 7.4 6.5 7.4 6.5 5.37 0.40

a All data are based on six determinations. Standard deviations
were generally between 1 and 5%, except for Asx and Glx (3-
10%) and Met (10-20%). b Average of thirteen isolates (SPI),
adapted from Henn and Netto (7). c Calculated from Kjeldahl N
× 6.25. Expressed as % of dry matter. d The sum of asparagine +
aspartic acid. e The sum of glutamine + glutamic acid. f Fully
destroyed during hydrolysis.
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peptides. Previous studies on the degradability of the
purified proteins showed that KSTI and lectin might
resist complete enzymatic degradation if they were not
heat-treated at high humidity. A comparison of the
amino acid composition of KSTI and lectin (Swissprot,
Switzerland) to the amino acid composition of the
residues did not indicate that the residues were enriched
in either of these two proteins.

Carbohydrates. The carbohydrate compositions of the
meals and enzyme unextractable solids were analyzed
as seen in Table 4. The meals were generally rich in
Glc, Gal, UA, Ara and contained low levels of Man, Rha,
and Fuc. Compared to the contents of NN, USBM had
25% more uronic acid, 30% more Gal, and 25% less Glc.
The enzymatic treatment of the meals extracted a large
proportion of the carbohydrates. Compared to that of
the meals, the absolute carbohydrate content of the
residues was reduced by 75-85%. After enzymatic
extraction, Glc was the most abundant carbohydrate
constituent in the enzymatic residues (51% to 64%),
followed by UA and Xyl. The level of Gal and Ara was
low in all residues showing that arabinans and ara-
binogalactans were well extracted. Little change was
detected for the Rha, Fuc, and Man content of the meals
and residues.

The residues of NN and SBM-H had the highest
proportions of Glc. The proportions of cellulosic and
noncellulosic glucose were determined for the meal and
the enzymatic residue of NN. Approximately 36% of the
Glc in the meal originated from cellulose (4), and more
than 90% of the Glc in the residue was cellulose,
showing that an estimated 20% of the initial cellulose
had been extracted during the enzymatic treatment. The
results show that the cellulose was only extracted to a
minor extent by the cellulases of the two carbohydrase
preparations.

In conclusion, the enzymatic residues can be divided
into two groups: “high humidity” and “unheated + low
humidity”, on the basis of conditions for heat treatment.
High-humidity heat treatment leads to a more effective
enzymatic extraction. However, in all cases the protein
extraction from the meals was incomplete and, taking
into account the results of the purified proteins, it is
clear that the soybean meal matrix affects the enzymatic
extraction of protein from the meals. We speculate that
interactions between protein and other components (e.g,
cellulose, which is a major component of the residues)
may explain the incomplete enzymatic extractability of
protein from the meals. This is a topic of future
investigation.
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