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Enzymatic Elimination of Phytate in Soybean Milk
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The phytic acid content of commercial soybean milk in Japan was from 0.52 to 1.11 mg/g.

Phytate in soybean milk was hydrolyzed by wheat phytase.
MWA-1, MSC-1, Duolite ES-762 with glutaraldehyde.
219% depending upon the immobilization method.
lized enzyme on Duolite ES-762 were similar to those of the free enzyme.

The enzyme was immobilized on Dowex
The activity yield was in the range of 4. 5~

The optimum pH and K, values of the immobi-

On the other hand, the

optimum pH of the immobilized enzyme on Dowex MSC-1 shifted by one pH unit toward the alkaline
region, and its K, value was considerably increased. The optimum temperature did not change by

immobilization.
drolysis of phytate in soybean milk.

Phytic acid, myo-inositol 1,2, 3, 4, 5, 6-hexakis
dihydrogen phosphate, is an unique stock
compound for phosphorus in cereal grains and
legumes such as rice, wheat, barley, and soy-
beans accounting for 18 to 88% of the total
phosphorust’®,  The interaction of phytic acid
with minerals or proteins is considered to be
one of the primary factors which limit the
nutritional values of cereal grains and legume
proteins. Phytic acid forms insoluble products
with various metals and is believed to interfere
with assimilation of calcium, iron, and zinc in
human and animal bodies. High levels of
phytate may also cause magnesium deficiency"®.
Although less attention has been paid to phytate-
protein interaction, it has been found that
phytic acid inhibits pepsin®, trypsin®, and
a-amylase® in vitro. Therefore, many attempts
have been made to eliminate phytate from soy-
beans and its products for nutritional improve-
ment by cooking®, soaking?, germination”,
autolysis?, fermentative processes®, ultrafiltra-
tion®, and special treatments'®"),

Phytase, myo-inositol hexakisphosphate phos-
phohydrolase is an enzyme which catalyzes the
hydrolysis of phytate, and has been demonst-
rated to be present in various kinds of seedsV®.
If the phytate in soybean products could be

Immobilized enzymes on Duolite ES-762 and Dowex MSC-1 were used for the hy-

eliminated before consumption, their nutritional
value would be improved and the phytate would
be utilized as a source of inositol and inorganic
phosphate.

Soybean milk has drawn considerable atten-
tion as an economical high-protein beverage.
Applications of a-galactosidase to remove oligo-
saccharides from soybean milk were reported'®
13!, However, little information is available on
the hydrolysis of phytate in soybean milk by
soluble and immobilized enzymes.

This paper demonstrates that the phytate in
soybean milk can be hydrolyzed not only by
free wheat phytase but also by the immobilized
phytase. The properties of immobilized phytase
are also described.

Materials and Methods

Materials

Commercially available soybean milk was used.
Phytase from wheat (Sigma Co., Ltd) was used
as a source of enzyme. Ion exchange resins
(20~50 mesh), Dowex MSC-1, MWA-1, and
Duolite ES-762, used as supports for immobili-
zation, were the products of the Dow Chemi-
cal Co., Ltd, and the Diamond Shamrock Chem-
ical Co., Ltd. Sodium phytate and p-nitro-
phenylphosphate as substrates were purchased
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from the Nakarai Chemical Co. Pepsin was
from the Wako Chemical Co., Ltd. All the
other reagents used were of analytical grade.
Determination of phytic acid
Extraction and precipitation of phytate from
soybean milk were performed according to
WHEELER and FERREL™), A 6% trichloroacetic
acid (TCA) solution was added to an equal
volume of soybean milk to remove protein.
Then the slurry obtained was centrifuged at
3000 rpm for 10 min and 25 m/ of supernatant
was used for the assay of phytic acid. Phytate
in the supernatant was precipitated as ferric
phytate. The conversion of ferric phytate to
ferric hydroxide was carried out by MAKOWER’S
procedure'®. The precipitate produced was
dissolved in HCl and the ferric iron content
was measured colorimetrically with o-phenan-
throline. The contents of iron and phosphorus
were assumed to be in a 4 : 6 ratio in order to
calculate the phytate phosphorus content. The
weight of phytate was determined by multiply-
ing the iron content by 2. 98,
Preparation of immobilized enzyme
The ion exchange resins were equilibrated
with 0.02 M citrate buffer (pH 6.0). These
resins were separated from the buffer solution
through a glass filter and 10 g of each resin
was added to 100 m/ of the enzyme solution
(13.6 mg protein/ml) and shaken gently for
24 h at 5°C. After discarding 70 m!/ of solu-
tion, 3 ml/ of glutaraldehyde solution (25%)
was added to the mixture to make crosslinkage
among the enzyme proteins, by shaking for 2 h
at 5°C. The enzyme-bound resin was filtered
through a glass filter and was washed thoroughly
with chilled citrate buffer (0.02 M, pH 6.0)
to remove the enzyme protein loosely adsorbed
or attached to the resin beads. The immobilized
enzyme was equilibrated with 0.2 M acetate
buffer (pH 5.0), and the activity was meas-
ured. The activity yield was evaluated ac-
cording to the following equation: activity yield
(%) = (activity of enzyme beads) x 100/( (activity
of the free enzyme used for immobilization) —
(activity of the free enzyme in the solution after
removal of the enzyme beads) .
Assay of enzyme activity
Phytase activity was assayed in terms of the
inorganic phosphorus by the method of ALLEN!®,

The optimum pH was determined by using 0. 2
M acetate buffer (pH 3.5~5.5) and 0.2 M
Tris-malate buffer (pH 5.25~7.0). The reac-
tion mixture consisted of 1 ml/ of 1% phytate
in 0.2 M buffer, and 1 m!/ of the enzyme solu-
tion. The reaction was allowed to proceed at
40°C for 30 min and terminated by the addition
of 2 m/ of 10% TCA. The effect of tempera-
ture was studied in the range of 20 to 60°C.
For pH stability studies, the enzyme was in-
cubated in buffer solutions of lower molarity
(0.02 M) with different pH’s at 40°C for 30
min. Then residual enzymatic activity was
measured at 40°C, pH5.0. Similarly, the crude
enzyme was preincubated at different tempera-
tures for 30 min at pH 5.0 and residual en-
zymatic activity was determined. The activity
of immobilized phytase was measured by the
addition of 100 mg of beads to 10 m/ of 0.5%
phytate in 0.1 M acetate buffer, pH 5.0. The
reaction mixture was incubated at 40°C for 2h
with stirring. Then 2 m/ aliquot of the mix-
ture was taken into 2 m/ of TCA. One unit
of enzyme activity was defined as the activity
which liberated 1 # mol of phosphorus per min
at 40°C, pH 5.0.
Enzymatic elimination of phytate in soy-
bean milk
Soybean milk was treated enzymatically by
the following procedures. Two ml of enzyme
solution (0.65~26 units) was added to 50 m!
of soybean milk and the mixture incubated at
50°C up to 6~8 h. In the case of the im-
mobilized phytase, an ‘appropriate amount (wet
weight: 0.5~5 g) of the beads was added to
50 m/ of the soybean milk in a 100 m! flask.
The reaction mixture was stirred with a
magnetic stirrer. At proper time intervals, 1
m/ of sample was taken into 2 m/ of 10% TCA
and the protein precipitated was separated by
centrifugation. The supernatant was used for
the determination of inorganic phosphorus.
Determination of non-protein nitrogen
released by pepsin
The effect of phytase treatment on the pro-
teolysis of soybean milk by pepsin was evaluated
in terms of non-protein nitrogen released.
Forty-five m/ of soybean milk was added to 5
m! of 1% enzyme solution and the mixture was
incubated at 40°C for 3 h. Then the mixture
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was kept in boiling water bath for 10 min,
cooled, and finally diluted with glycine-HCl
buffer (pH 1.8). Fifteen ml/ of 0.5% pepsin
solution was added to 25 m/ of phytase-treated
or untreated soybean milk and the mixture was
incubated at 40°C. At proper time intervals,
2 ml aliquot was removed and mixed with 2 m/
of 10% TCA. Then the samples were filtered
and nitrogen in the filtrate was determined.
Non-protein nitrogen content was determined
according to Lowry et al. as modified by
Haciuara!” with tyrosine as the standard.
The emulsifying property of protein of soybean
milk treated by phytase was determined in
terms of the turbidity at 550 nm of the super-
natant obtained after the pH was adjusted with
buffer®,

Results and Discussion

Phytic acid content of soybean milk
Phytic acid contents of soybean milk are
given in Table 1. The phytic acid content in
the soybean milk ranged from 0.52 to 1.11 mg
/g LoLas et al. ¥ reported that the phytic acid
content of 15 soybean varieties ranged from
1.00 to 1.47% (dry weight basis) which re-
presented between 51.4 and 57.1% of the total
phosphorus. The solid content in soybean
milk ranged from 6 to 9%. Thus, the phytic
acid content of soybean milk obtained in this
study is in reasonable agreement with the result
by Lotras et al.
Characteristics of crude phytase preparation
Fig. 1. shows pH vs, enzyme activity curves
for the crude enzyme preparation, The free
phytase had a relatively sharp pH optimum
around 5.0 with a rapid diminution in activity
on either side of this optimum. The optimum
pH reported so far ranged from 5.0 to 5.72.
Optimum temperature of enzymatic activity was
around 50°C. An optimum of 45°C has been
reported for triticale phytase by SineH and
Seper®?, 50°C for navy bean phytase by LoLas
and Markakis®’, 57°C for germinating mung
bean by ManpaL and Bisawas?® and 55°C for
wheat phytase by Peers?®. Heating for 30 min
up to 45°C did not depress the enzymatic ac-
tivity, but at 60°C the activity was decreased
to about 40% of the control and at 70°C the
enzyme was completely inactivated. The en-

Table 1 Phytic acid content of soybean milk

Phytic acid
No. (mg/g) pH
1 1.11 7.05
2 1.11 7.03
3 1.08 6. 96
4 1.00 6. 66
5 0.78 6. 32
6 0.52 6.67
100}
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Fig. 1 pH-activity profile of phytase

® : free state
O : immobilized on Duolite ES-762
© : immobilized on Dowex MSG-1

zyme was stable at pH 3.5 to 7. In the sub-
strate concentration from 0.2 to 9 mM, K.
value was 0.83 mM, although the enzymatic
activity was inhibited at the concentration
higher than 2 mM. Loras et al. ™ and Sinen
et al.? observed a similar relationship between
substrate and enzyme activity for navy beans
and triticale. This might be due to the elec-
trostatic attraction between substrate and en-
zyme, GiseINs and Norris?) suggested that
the inhibition of phytase under high substrate
concentrations was indicative of two-point
attachment of phytate to phytase. The activa-
tion energy for hydrolysis of phytate was about
8500 cal/mol. This value of wheat phytase
was within the range found for other plants,
A number of studies have been done on phytases
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from various kinds of plant materials. Though
highly purified phytase has rarely been availa-
ble?®28), These phytases show broad substrate
specificity and are classified as a kind of acid
phosphatase.

Characteristics of immobilized enzyme

The activity yields of the immobilized phytase
are listed in Table 2. The recovery of en-
zymatic activity of phytase immobilized on
Duolite ES-762° was the highest among the
three resins. Phytase immobilized on Dowex
MWA-1 was so low that its enzymatic pro-
perties were not determined.

The pH profiles of immobilized phytase are
shown in Fig. 1. The optimum pHs for
Duolite ES-762 and Dowex MSC-1 were 5.25
and 5.75, respectively. In soybean milk, the
incubation with the enzyme at pH lower than
6.0 caused isoelectric precipitation of soybean
proteins. The incubation with the enzyme at
neutral pH would be more desirable, There-
fore, the immobilized enzyme is suitable for
treatment of soybean milk. The other enzym-
atic properties of immobilized phytase are
summarized in Table 3. Immobilization did
not shift the optimum temperature of these
enzymes. Optimum temperature for hydrolysis
of phytate was around 50°C. The activation
energies were evaluated as 12000 cal/mol for

Duolite ES-762 and 10 000 cal/mol for Dowex
MSC-1. Slight increase in activation energy
by immobilization might be due to the modi-
fication of protein conformation.

The affinity o the enzyme for the substrate
phytate was evaluated as the K, value. The
K. values of the enzyme immobilized on Duolite
ES-762 and Dowex MSC-1 were 2.94 mM and
33.3 mM, respectively, The K. values were
considerably increased as a result of immobili-
zation, Especially, in the case of Dowex
MSC-1, the K. value was increased 40 times
by immobilization. This might result from
electrostatic repulsion between substrate and
support, since phytate is considered to have a
negative charge at pH 5.0 and the resin Dowex
MSC-1 is a type of polysulfonic acid (negative
charge).

Enzymatic elimination of phytate in soy-
bean milk

The optimum temperature for the hydrolysis
of phytate in soybean milk was 50°C both in
the immobilized and free enzyme. From the
dependency of the reaction rate on temperature,
the activation energies were evaluated: they
were 12800 cal/mol for Duolite ES-762 and
12900 cal/mol for Dowex MSC-1 in the im-
mobilized state; whereas they were 7500 cal/
mol for phytase in the free state, The increase

Table 2 Activity yields of immobilized phytase

Amount of enzyme

Activity of Yield

Suppbrt adsorbed immobilized enzyme (%)
(units/g-wet resin) (units/g-wet resin) °
Duolite ES-762 6.82 1.28 18.8
Dowex MSC-1 2.62 0.55 20.9
Dowex MWA-1 4.75 0.22 4.6
Table 3 Characteristics of immobilized wheat phytase
Immobilized
Property Free

Duolite ES-762 Dowex MSC-1
Optimum pH (50°C) ‘ 5.0 5.25 5.75
Optimum temperature 50°C 50°C 50°C
K, at (pH 5.0) (mM) 0.83 2.94 33.3
Activation energy 8500 12 000 10 000

(cal/mol)
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Fig. 2 Course of hydrolysis of phytate in soybean milk

All the values in the Fig. indicate units of phytase
activity per 100 m! of soybean milk.

® : free state

O : immobilized on Duolite ES-762
© : immobilized on Dowex MSC-1

in activation energy by immobilization found
in soybean milk is slightly higher than that
found in phytate solution. However, the rea-
son is not clear.

The course of the hydrolysis of phytate in
soybean milk is shown in Fig. 2. In soybean
milk (pH 7.0), the enzyme was quite stable,
The amount of phosphorus liberated from
phytate by the action of phytase increased
linearly with the incubation time. The. rate
of hydrolysis was approximately proportional to
the amounts of phtase in the soluble or im-
mobilized form in the mixtures. The activity
of phytase immobilized on Dowex MSC-1 was
higher than the activity of enzyme immobilized
on Duolite ES-762. This result suggests that
the properties of the support have a great in-
fluence on the activities of enzymes. Duolite
ES-762 is a type of polyphenol resin being able
to adsorb hydrophobic substances such as pro-
teins and lipids. Thus the adsorption of soy-
bean protein on Duolite ES-762 might have
interfered with the enzymatic hydrolysis of
phytate in soybean milk. On the other hand,
Dowex MSC-1 does not absorb the protein
because of electrostatic replusion between pro-

tein and this support.

The interaction of soybean protein with
phytate is considered to be one of the primary
factor limiting the hydrolysis of phytate. The
incubation of the enzyme at any pH lower than
6 would cause an isolectric precipitation of
soybean proteins. Published reports®'? indi-
cate that phytic acid interacts with protein to
form complexes at acidic pH. At higher pHs
than the isoelectric point of glycinin, e.g. pH
4.9, no binding between phytic acid and pro-
tein is detected by gel filtration on Sephadex
G-75. The degree of binding is found to in-
crease with lower pH, from a value of zero at
the isoelectric point to a maximum value of 424
equivalents of phytate per mol glycinin dimer
(360 000 daltons)®. Therefore, the incubation
of soybean milk with the enzyme at the natural
pH would be desirable.

Characteristics of soybean milk treated by
phytase

To examine ' the nutritive value of soybean
milk treated by phytase, the digestibility by
pepsin at pH 1.8 was evaluated in terms of
non-protein nitrogen released. The courses of
nitrogen production from treated and non-
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phytate on the hydrolysis of soybean pH

milk by pepsin

O : treated ® : untreated

treated soybean milk are shown in Fig. 3.
Proteolysis with pepsin was somewhat enhanced
by the elimination of phytate. Reppy et al.®
reviewed that the phytate-protein complex was
less subjected to proteolytic attack than the
same protein alone.

Pearce and KinseLra proposed a method to
evaluate the emulsifying properties of proteins
by turbidimetric technique'®. The influence
of pH on the turbidity of soybean milk pretreated
by phytase is shown in Fig. 4. The emulsify-
ing property of protein was improved by the
treatment.

Phytic acid is known to form complexes with
protein at both acidic and alkaline pH. The
interaction between phytic acid and protein is
thought to be of the ionic binding. The
phytate is strongly negatively charged at pH
1.8, while proteins are strongly positively
charged. A phytate-protein complex could be
formed under such circumstances. On the
other hand, at high pHs, multivalent cations
such as Ca?* are thought to mediate the for-
mation of phytate-protein complexes!”’. The

interaction between phytate and proteins leads -

to decrease the solubility of the proteins. It
has also been shown that calcium ion interacts
with protein and phytate to decrease the
solubility of proteins further. The reduced
solubility of proteins as a result of formation
of protein-phytate complexes can negatively
affect certain functional properties of proteins
which have close influence upon their hydra-

Fig. 4 Effect of pH on the turbidity of soybean
milk pre-treated by phytase

O : treated @ : untreated

tion, solubility, emulsifying property, and dis-
persibility in aqueous medium.

It this study, the phytate in soybean milk
was proved to be hydrolyzed by the wheat
phytase. Wheat phytase was immobilized by
adsorption on rigid supports such as Dowex
MSC-1, MWA-1, and Duolite ES-762 with
glutaraldehyde treatment. The phytate present
in soybean milk was extensively hydrolyzed by
enzymatic treatment. The procedure to im-
mobilize phytase reported here can be used for
practical application because of its simplicity
and the high mechanical strength of resin beads.
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