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Phytate-Calcium Interactions with Soy Protein
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Solubilities of mixtures of soy protein isolate, calcium
and phytate were determined as a function of p H and
molar ratio of the components. B e l o w the isoelectric
point , phytate and protein solubility profiles paral-
leled each other, indicating some type of protein-
phytate interaction. Addition of phytate shifted the
isoelectric point and the minimum solubility to lower
values. Between the isoelectric point and p H 6.5, the
complex apparently dissociates; addit ion of phytate
results in an increase in the maximum solubility of the
phosphorus and the protein, as well as a shift in their
solubility profiles. Calcium has no apparent effect on
protein solubility in this p H region. Higher p H (>6.5)
results in the formation of ternary protein-calcium-
phytate complexes and a significant drop in calcium
and phosphorus solubility, probably due to formation
of insoluble calcium phytate salts .

Soybeans, like most oilseeds and legumes, represent a
grea t potential as a protein source, especially if con-
sumed with o t h e r complementary p lan t proteins. Most
p lan t proteins, however, contain several undesirable
or antinutritional components t h a t m u s t be removed
or destroyed t o maximize the utilization of the protein.
Phy ta t e is one such component t h a t has been impli-
ca t ed as a potential problem in mineral bioavailability,
especially for calcium, iron and zinc (1, 2). Although
there have been many in vivo studies over the past 50
years showing t h a t p h y t a t e interferes with mineral
bioavailability, there is little understanding a b o u t the
mechan i sm of p h y t a t e interactions in p lan t foods, es-
pecially t h e solubility of phyta te-minera l complexes
in the presence of p lan t proteins. This is important
because it appears t h a t the complexed mineral cannot
be absorbed through t h e intestinal wall. In addition,
p h y t a t e b ind ing may have an effect on the functional
properties of the protein, causing s l igh t changes in the
pH-solubility profile (3).

The solubility of p h y t a t e and the complexed min-
eral appears t o be affected dramatically by the pres-
ence of proteins. It is well known t h a t calcium p h y t a t e
and magnes ium p h y t a t e complexes are soluble a t acidic
p H (below p H 5), and insoluble above p H 6 (4, 5). The
solubility also is a function of the mineral:phytate mo-
lar ra t io . In contrast, t h e solubility of phosphorus com-
pounds in soybeans parallels protein solubility over
much o f the p H range of in t e r e s t (6-8). This indicates
a s t r o n g interaction between phytate, mineral and pro-
te in . Similar results have been observed in oats (9),
cottonseed (6) and peanuts (6, 10).

In o rde r to elucidate the nature o f these phytate-
mineral-protein interactions, the solubility behavior of
p h y t a t e and a selected mineral (calcium) in a model
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protein s y s t e m (soy protein isolate) was studied as a
function of p H and the concentrations of these compo-
nents. When compared with our earl ier studies on t h e
solubility behavior o f pure calcium p h y t a t e and mag-
nes ium p h y t a t e complexes as a function of p H and
molar ratio (4, 5), these experiments should provide a
b e t t e r understanding o f the nature and extent of the
interactions occurring in such systems a n d a basis for
optimizing t h e removal of p h y t a t e from foods.

EXPERIMENTAL PROCEDURES

Sodium p h y t a t e (97% pure ) was purchased from Sigma
Chemical Co., St. Louis, Missouri. All o t h e r chemicals
were reagen t g rade , unless otherwise mentioned.

Soy protein isolate was prepared by the ultrafl l tra-
tion method of Nichols and Cheryan (11) u s i n g a 30,000
mol wt cut-off membrane. The s ta r t ing material was a
high NSI (nitrogen solubility index) de fa t t ed soy f lour
(Nutrisoy 7B, A.E. Sta ley Co., Decatur, Illinois). The
re ten ta te from the ultrafiltration was freeze-dried and
stored refrigerated unti l needed. The proximate analy-
sis of these products is given in Table 1.

Solubility studies. The following s t o c k solutions
were used fo r this study: CaCl2 (7.739 X 10-2M) and
sod ium p h y t a t e (2760 p p m phosphorus : 1.48 X
10-2M phytate). Seven g of the soy isolate were added
to a b o u t 10 ml of wate r and the appropriate amount
of CaC12 solution and p h y t a t e (PA) solution added to
obta in t h e desired Ca:phytate ratio (the protein concen-
t ra t ion was kept constant) and t h e volume b r o u g h t up
to 250 ml.

Ten ml of t h e above reaction mixture were added
to 2.5 ml of 1M NaCI (to minimize variations in ionic
strength). The p H was adjusted with 1M NaOH or
1M HC1 and t h e volume b r o u g h t to 25 ml. This re-
sulted in a 1% protein solution with vary ing Ca:phyta te
ratios. The solutions were flushed with nitrogen and
the samples ag i t a ted mechanically in a s h a k e r set a t a

TABLE 1.

Proximate Analysis of Soy Flour and Soy Isolate (%}, As-Is
Basis

Soy floura Soy isolate b
Moisture 14.75 3.13
Protein 46.84 87.52
Ash 6.65 2.67
Calcium 0.15 0.20
Totalphosphorus 0.71 0.53
Phytate phosphorus 0.50 0.35
Phytate 1.79 1.27
aNutrisoy 7B.
bUltrafilteredsoy isolate: Sample C in Table 2.
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TABLE 2

Concentrat ion and M o l a r R a t i o s of Prote in , Ca lc ium (Ca) and Phytate (PA)
i n R e a c t i o n Mixtures

Concentration a Molar ratioc

Sample Protein Calciumb Phytateb Ca:PA PA:protein Ca:protein
A 1 0.23 7.6 0.5 11.50 5.78
B 1 0.23 3.8 1.0 5.78 5.78
C 1 0.23 1.5 2.6 2.20 5.78
D 1 0.35 1.5 4.0 2.20 8.80
E 1 0.58 1.5 6.0 2.20 13.20

aConcentration in the solution (% w/v).
bExpressed on a protein basis (g/100 g protein).
CMolwt ofprotein assumed to be 100,000 g/mol.

modera te speed for 110 min a t room temperature (24-
26°C). The p H was readjusted if necessary dur ing t h e
incubation period. The solutions were then centrifuged
a t 17,300 G for 10 min. The supernatant was analyzed
for soluble protein, calcium and phosphorus. All ex-
periments were replicated at l e a s t twice. Standard de-
viations were calculated for each da t a po in t (19) and
are shown in the figures with b a r s . In m o s t cases,
however, t h e b a r is smaller in size than the da t a point.

Analytical methods. Tota l phosphorus was meas-
ured b y the method of Bart let t {12). Inorganic phos-
phorus was measured by extract ing the samples with
12.3% trichloroacetic acid (TCA) fo r one hr, centrifug-
ing t h e extract a t 12,100 G for 15 min and measur ing
the phosphorus content in the supernatant.

To ta l solids and ash were measured by gravimetric
analysis (13). Protein is expressed as N × 6.25. Nitro-
gen was measured b y the Kjeldahl method. During the
solubility studies, protein was measured by the Biuret
method u s i n g bovine se rum albumin as the standard.
S tock solutions used for these studies were standard-
ized u s i n g the Kjeldahl method.

Phy ta t e was es t imated b y t h e FeCl3 precipitation
method as described by Thompson and Erdman (14).
The samples were f i r s t extracted with 1.2% HC1 +
10% Na2SO4 and centrifuged. Ferric chloride was added
to the supernatant, and t h e mixture was centrifuged
again. The phosphorus content in both supernatants
was determined. Phy ta t e acid phosphorus is expressed
as phosphorus extracted in the f i r s t supernatant mi-
nus phosphorus in the second supernatant.

Calcium (Ca) was measured b y atomic absorption
spectroscopy o r by the t i t ra t ion method of Ntailianas
and Whitney (15). Both methods gave identical results.

R E S U L T S

Table 2 lists the model solutions used in this s t u d y and
t h e coding used in the figures. PA refers to the p h y t a t e
anion in the tables and figures. Sample C is the UF soy
isolate as is. Samples A and B are added-phytate sam-
p l e s , resu l t ing in changes in t h e Ca:phyta te a n d
phyta te :pro te in m o l a r ra t ios . Samples D and E are
added-ca lc ium samples , resu l t ing in changes in
Ca:phytate and Ca:protein ratios. Note t h a t the con-
cen t ra t ions are expressed on a protein basis ra the r

than a solids basis, assuming the mean mol wt of the
proteins to be 100,000 g/mol {16}.

The solubility profiles of protein, calcium and phos-
phorus are shown in Figures 1-3 as a function of p H
and t h e Ca:phyta te ra t io . Solubil i ty da t a a t o t h e r
Ca:phytate ra t ios are g iven elsewhere (19}. An exami-
na t ion of these profiles suggests t h a t the mechan i sm
of interaction may b e different depending on the p H
and/or the calcium and/or p h y t a t e levels in the system.
Thus, the discussion is divided into three sections ac-
cording to the p H region.

1. Low p H (below the isoelectric p o i n t o f the pro-
tein). An earl ier s t u d y (4) had shown t h a t in pure Ca-
p h y t a t e systems no precipitation was observed below
p H 4, regardless of Ca:phytate ra t io . However, when
soy protein is present the phytate-phosphorus s ta r t s
precipitating a t p H 1.0. The p H of minimum phospho-
rus solubility and the relat ive amount of insoluble phos-
phorus depends on the Ca:phytate ra t io . As shown in
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FIG. 1. So lub i l i ty of ca lc ium (Ca), prote in and phosphorus (P) i n
s o y i s o l a t e reac t ion mixture at Ca:phytate m o l a r ra t io -- 0.5
( s a m p l e A).
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Figure 4, a t low Ca:phytate ra t ios (0.5, 1 and 2.6) the
p H of minimum solubility increased with Ca:phytate
ra t io . This could be rela ted t o the effect of a d d e d p h y t a t e
on protein solubility profiles (see later}. A t h ighe r
Ca:phytate ra t ios (>2.6), there was little o r no effect
o f Ca:phytate ratio on the p H of minimum phosphorus
solubility.

The p h y t a t e profile a t the low Ca:phytate ra t ios
parallels t h e protein solubility profile qu i te closely [e.g.,
Fig. 1 and others in (19}]. This indicates s t r o n g protein-
p h y t a t e interactions a t these high p h y t a t e concentra-
tions, as suggested by several authors (6, 7, 9, 17, 18).
Below the isoelectric point, protein has a net positive
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FIG. 2. So lub i l i ty of prote in and phosphorus i n s a m p l e C
(Ca:phytate m o l a r ra t io = 2.61.
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FIG. 3. So lub i l i ty of c a l c i u m , prote in and phytate i n s a m p l e E
(molarra t io = 6).

charge and thus will in terac t with the negatively charged
p h y t a t e an ion a t several s i tes such as the terminal
amino groups, the amino groups of basic residues {e.g.,
lysine, arginine) and through hydrogen bonding with
t h e carboxyl groups and the oxygens and hydrogens
on the p h y t a t e molecule.

Calcium does not appear t o be a fac to r in the in-
solubility of p h y t a t e {Fig. 4) or protein {Fig. 5) in this
p H region. However, as t h e p h y t a t e concentration in-
creases {Fig. 6), the protein precipitates out a t a lower
pH, and t h e isoelectric po in t also shifts to a lower pH.
Increasing amounts of p h y t a t e were be ing bound to
the pro te in , neutral izing its pos i t ive charges. T h u s ,
zero charge will be achieved a t a lower p H in the pres-
ence of phytate.

2. Intermediate p H (from the isoelectric p o i n t to
p H 6.5). As p H increases, the protein becomes more
soluble and p h y t a t e dissociates from it. The combina-
tion o f these two factors results in a rapid increase in
phosphorus solubility {Fig. 4). This is the opposite of
p h y t a t e behavior in the absence of protein, when it
would normally s tar t precipitating out above p H 4 (4,
5). Moreover, as the p h y t a t e becomes more soluble,
calcium becomes less soluble. Our da t a suggest t h e
possible formation of a ternary (phytate-Ca-protein)
complex as well as calcium binding t o the pro te in .
Thus, p h y t a t e will not exhibit the precipitation pat-
tern observed when only calcium and p h y t a t e are pre-
sent unt i l another cri t ical p H is reached a t p H 6.5.
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FIG. 4 . Phosphorus s o l u b i l i t y p r o f i l e i n the s o y prote in mixture
a s a funct ion of added phytate Itopl and added ca lc ium Ibottoml.
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FIG. 6 . P r o t e i n s o l u b i l i t y p r o f i l e a s a funct ion of added phytate.

The addition o f p h y t a t e to the solution Isamples
A, B and C) produced two different effects in this
intermediate p H region:

(i) Phosphorus solubi l i ty increased a t any g iven
p H with a n increase in p h y t a t e concentration in the
reaction mixture. However, a t p H 6-6.6, the absolute
amount of phosphorus in the precipitate is qu i te simi-
lar for all th ree samples {9-14 ~mol phosphorus} de-
sp i t e their widely vary ing concentrations in the reac-
tion mixture. Th i s , as their calcium solubilities are not
significantly different but the protein solubility shows
t r e n d s similar to p h y t a t e phosphorus in this region, is
a fu r the r indicat ion of t h e importance o f protein-
p h y t a t e interactions.

(ii) There is a shift in the p H of m a x i m u m solubility
to the r ight as the phytate:protein ratio increased, a
t r end opposite to t h a t observed a t t h e isoelectric p H
region. This could be because the Ca:phytate ratio de-
creased as the phytate:protein ratio increased {Table
2). Lower Ca:phytate ra t ios resul t in h ighe r p h y t a t e
solubility a t h ighe r p H in the absence of protein 14},
and this effect may cont r ibu te to the p H shift ob-
served in this region.

The solubility of calcium decreases above p H 4 in
a lmos t all reaction mixtures due t o its binding to insol-
uble protein and to p h y t a t e {that otherwise would have
remained soluble}. No significant changes in protein
solubility profiles were observed upon addition of cal-
c ium {Fig. 5). This does n o t necessarily mean t h a t
calcium and protein are not interacting with each other.
As the p H increases and the protein acquires a net
negative charge, calcium can combine with the al ready
prec ip i ta ted protein wi thout chang ing the prote in 's
solubility. Moreover, calcium can also be bound to the
soluble protein alone o r as an alkaline-earth br idge
between the protein and the p h y t a t e wi thout causing

• the protein to precipitate (8}. Higher p h y t a t e concen-
t ra t ions seem to produce a small b u t noticeable in-
crease in protein solubility in this p H region IFig. 6).

This could be due to an increase in the net negative
charge of the protein as a resul t o f binding by phytate.

3. High p H (above 6.5). Above p H 6.5, protein solu-
bili ty continues to increase unti l a m a x i m u m of 70-
75% solubility is obtained a t all Ca:phytate molar ra-
tios. Phosphorus solubility also increased with higher
p h y t a t e levels {Fig. 4, top}, and so did the relat ive
calcium solubility in the added-phytate systems. This
suggests t h a t the dominant reaction is probably the
formation of t h e ternary complex. In contrast to the
increasing solubility of protein with an increase in pH,
both phosphorus and calcium decrease in solubility.
This is due, perhaps, to the precipitation of calcium
p h y t a t e salts. The Ca:phytate ra t io , as well as the Na÷
concentration, seems to dictate the amount of calcium
and phosphorus in the precipitate. De Rham and J o s t
(8) showed t h a t the addition of 8.5% NaC1 to t h e ter-
nary complex a t p H 7.5 was enough to precipi ta te
calcium phytate.

D I S C U S S I O N

A b e t t e r u n d e r s t a n d i n g of t h e interactions be tween
calcium and p h y t a t e in soy protein systems was ob-
tained in these solubility studies. The interaction ap-
pears t o be affected b y the p H and the relat ive concen-
t ra t ions of the three components. A t low pH, p h y t a t e
associates with proteins to form insoluble coacervates
with higher concentrations ofp h y t a t e shifting the isoelec-
tric po in t and t h e phosphorus minimum solubility to
lower values. Calcium, on t h e o t h e r h a n d , does not
seem t o play a n important role a t this concentration
and was largely soluble. However, when calcium is in
a large excess I100-fold excess o f calcium to cationic
groups on the protein}, the calcium can displace the
p h y t a t e and rende r it soluble (16, 21).

A t intermediate pH, the protein-phytate complex
dissociates. The addition of calcium does not affect
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protein and phosphorus solubility, but t h e addition of
p h y t a t e {lowering the Ca:phytate ratio} results in an
increase in, and a shift of, the m a x i m u m solubility of
phosphorus. In this p H region, direct protein-phytate
interactions apparently are not significant. This is also
indicated by t h e gel chromatography work of Okubo
e t al. {16} and ultrafi l t rat ion studies {18, 21}.

A t high p H {>6.5}, p h y t a t e solubility remains high
a t low Ca 'phyta te levels and calcium solubility de-
creases as predicted from our earl ier studies with pure
calcium-phytate {4}. The increase in p h y t a t e solubility
in this p H region could be an independent protein ef-
fect or it could be due t o the formation o f a ternary
complex. With increas ing concentrations o f calcium
{higher Ca:phytate ratios}, the protein remains soluble
and phosphorus precipitates as a resul t of the forma-
tion o f calcium-phytate sa l t s which are insoluble.

Our results a t high p H disagree in some respects
with the observations of Fonta ine e t al. {6}, Saio e t al.
{7} and de Rham and J o s t {8}. However, these workers
studied defatted soy f lour o r soybean meal, and our
s y s t e m used a purif ied soy protein isolate. Soybean
meal o r soy f lour not only has o t h e r components known
t o bind minerals, b u t the calcium content and Ca:phytate
ratio of their samples is unknown {except for de Rham
a n d J o s t , who also had a ratio of 2.6}. Their sample
processing histories also are uncertain. Fo r example,
hea t ing decreases solubility of calcium and p h y t a t e {7}
a n d disrupts the ternary complex {21}. Our results with
de fa t t ed soy f lour [not shown here; see {19}] were simi-
lar to those o f the o t h e r workers and confirmed our
theories o f the mechan i sm of phytate~calcium interac-
tion in soy proteins. Our conclusions are in genera l
agreement with those of Prat t ley e t al. {21), t h o u g h
they s t u d i e d phyta te-BSA inte rac t ions ra the r than
phytate-soy protein interactions.

The synergistic effect of o t h e r minerals and the
processing history of the product also are important
determinants of solubility behavior. It also is appa ren t
from this s t u d y t h a t care should be taken when inter-
pre t ing in vivo da t a from experiments where p h y t a t e
o r calciumwere" added" t o the food. In addition, protein-
p h y t a t e complexes may be more resistant t o prote-
olytic digestion t h a n the na t ive protein alone {1). Addi-
t iona l work u s i n g binding analysis me thods such as

equilibrium dialysis o r ultrafi l t rat ion {20, 21) is needed
to more fully u n d e r s t a n d the nature and extent of
these interactions.
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