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The in t era c t ion  of  phyt ic  acid (PA) w i th  prote ins  
is dependent  on  the  charges  and c o n f o r m a t i o n  o f  
the  prote ins  and the  ionic  s t rength  o f  the  so lut ion .  
Hence,  cha ng es  in these  parameters  brought  about  
by acy la t ion  could change  the  extractabi l i ty ,  pre- 
c ip i ta t ion  and in terac t ions  o f  PA wi th  prote in  and 
minerals  and c o n s e q u e n t l y  the  PA c o n c e n t r a t i o n  
o f  prote in  i so la tes  from p h y t a t e - c o n t a i n i n g  foods.  
This  paper summarizes  s tudies  in rapeseed  and 
n a v y  bean f lours w h i c h  demons tra te  that  a h igh  
degree  o f  succ iny la t ion  or ace ty la t ion  can be used 
to separate  the  pro te ins  from the  PA and to pre- 
pare  l o w  phytate  prote in  i so la tes  of  good func- 
t iona l  propert ies .  The s epara t ion  o f  PA from the  
prote in  in rapeseed  f lour occurred during  the ex- 
tract ion  stage,  w h i l e  that  in n a v y  bean f lour 
occurred at the  i soe lectr ie  prec ipi tat ion  stage.  

Phytic  acid (PA) has been considered an antinutrient 
because, in large concentrations, it can reduce the 
bioa~.ailability of minerals (1-5). However, in small 
concentrations, PA may also have some beneficial 
effects; these include slowing the rate of starch diges- 
tibility and lowering the blood glucose response {6-8), 
controlling dental caries (9) and cancer (10) and 
improving the oxygen-providing ability of red blood 
cells (11). Hence, methods for reducing to a suitable 
level the PA in foods, especially protein isolates from 
oilseeds and legumes, have been the subject of 
numerous investigations (1-5). PA is closely asso- 
ciated with the proteins in these plant  products (2) 
and is very often co-isolated with the proteins. 

Acylation is a method commonly used to enhance 
the solubility and other functional properties of pro- 
teins (12). If  acylation can also separate proteins 
from PA, then it can be used not only for improving 
the functionality but also for lowering the PA concen- 
tration of protein isolates. 

PROTEIN-PHYTIC ACID INTERACTIONS 
AND PROTEIN ACYLATION 

According to the Anderson (13) model, at neutral pH 
and at pHs commonly encountered in foods, PA is 
negatively charged. Therefore, it is very reactive with 
many  positively charged groups such as cations and 
proteins. Cations can bind to one or two phosphate 
groups of PA molecule (Fig. la) (14) while the protein 
interacts with the PA dependent on pH (1,3,4). 

At low pH, below the isoelectric pH of the proteins, 
the positively charged groups of proteins such as 
terminal amino, eamino group of lysine and imida- 
zole group of histidine can directly form a binary 
complex with the negatively charged PA (Fig. lb) (1,6). 

At intermediate pH (pH 5-10), above the isoelectric 
pH, the proteins have a net negative charge aad can 
form a ternary complex with multivalent catioas and 
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FIG. 1. Interactions of phytie acid with minerals and 
proteins. 

PA (Fig. lc). The binding sites include the ionized 
carboxylic group and unprotonated imidazole group 
of histidine (I). Some binary complexes may still 
exist at intermediate pH because the lysyl and arginyl 
residues of the proteins are still positively charged at 
these pHs. 

At very high pHs (pH > i0), the interaction between 
protein and PA is diminished. The lysyl and arginyl 
residues lose their positive charges and, consequently, 
their ability to form the binary complex. The ternary 
complex is also destabilized as the ionic strength 
increases at very high pH. Increased sodium ion con- 
centrations may shift the equation (Fig. ld) to the 
right, forming insoluble Ca phytate  and soluble so- 
dium protein (I,4,6). A single protein molecule can 
bind several molecules of PA and cations (15). A 
change  in prote in  conformat ion  may,  however ,  
change the accessibility of binding sites to PA and 
consequently the number of PA molecules eventually 
bound to the proteins. 

From the foregoing, it appears that  the degree of 
protein-PA interactions is affected by the protein 
charges and conformation and ionic strength of the 
solution at a given pH. 

Aeylation with acetic or succinic anhydride at al- 
kaline pH introduces a neutral  acetyl or anionic sue- 
cinate group in the nucleophilic groups of amino acid 
residues of proteins such as the e-amino group of 
lysine, the sulfhydryl  group of cysteine, the phenol 
group of tyrosine and the imidazole group of histidine 
(16-18). Because of the increase in the net negative 
charges and the introduction of the bulky acetyl and 
succinate groups to the proteins, the protein unfolds 
and its propensity to dissociate to subunits increases 
(16,17). These, in turn, help improve the functional 

JAOCS, Vol. 64, no. 12 (December 1987) 



PHYTIC ACID REDUCTION BY ACYLATION TECHNIQUES 

1713 

properties of the proteins including solubility, emulsi- 
fying and fat absorption capacities. 

Because PA appears to bind to the same groups in 
the protein as the acylat ing agents and since the PA- 
protein interactions are dependent on protein charges 
and conformation, we hypothesized that  the exten- 
sive changes in protein charges and conformation 
brought about by acylation could affect the interac- 
tions, extractability and precipitation of PA, miner- 
als and proteins+ In addition, the change in ionic 
strength associated with addition of alkali during 
acylation could also have an effect. Hence, through 
proper manipulation of acy]ation conditions, it may  
be possible to separate the PA from the proteins and 
to prepare low phyta te  protein isolate of good func- 
tional properties. 

To support this hypothesis, we conducted studies 
on dehulled, solvent extracted rapeseed flour (RF) 
and navy  bean flour (NBF) containing 4.9 and 1.5% 
PA and 46 and 21% protein, respectively; the results 
are summarized in this paper. We determined the 

extractability, precipitation and interactions of the 
proteins, PA and minerals in the presence of acylat- 
ing agents  and, based on these, were able to prepare 
low phytate  protein isolates of good functional prop+ 
erties (19-21). 

RAPESEED FLOUR 

Aqueous dispersions of RF (20%, w/v)  were acylated 
with various levels of succinic anhydride (0.0183+ 
0.186 g /g  protein) or acetic anhydride (0+0183-0.186 
ml /g  protein) for one hr at pH 8.5 at room tempera- 
ture as previously described (19)+ The supernatant  
obtained after centrifugation is extract I. Redisper- 
sion of the residue in deionized water (20%, w/v) fol- 
lowed by adjustment  to pH 8.5, stirring for one hr and 
centrifugation provided extract II. 

The effect of succinic anhydride on the extractabil- 
ity of nitrogen, PA, minerals (free and bound) and the 
degree of chemical modification is shown in Figure 2. 
In the first extract, while nitrogen extractabi l i ty  
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FIG. 2. P e r c e n t  c h e m i c a l  modi f i ca t ion  (CM) and ex trac tab i l i ty  o f  n i t rogen  
(N), phyt ic  acid (PA), bound Ca (B-Ca) and total  m i n e r a l s  upon t r e a t m e n t  oI  
rapeseed  flour w i t h  var ious  l e v e l s  o f  succinic  anhydride  (19). 
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increased with degree of modification, PA extract- 
ability increased at a low degree and decreased at a 
high degree of modification. The extractability of the 
major minerals such as Fe, Ca and Mg as well as the 
bound Ca followed the pattern of PA, suggesting that  
these minerals are extracted closely associated with 
PA. Bound Ca was calculated as total Ca (analyzed 
by atomic absorption spectroscopy) minus free or 
ionic Ca (estimated by a Ca ion electrode in a Beck- 
man Ion Analyzer). 

At a low level of acylation (21%), the slight unfold- 
ing of the proteins may have resulted in exposure of 
additional binding sites to the PA and, consequently, 
an increase in the extractabili ty of the soluble ter- 
nary  complex of nitrogen, PA and minerals. On the 
other hand, at a high level of modification (63%), 
extensive changes in protein conformation caused by 
increased negative charges may  have caused steric 
hindrance to binding of the PA with the proteins and 
hence reduction in PA extractability. In addition, at a 
high level of succinylation, the ternary complex may 
have been destabilized in part  due to the excessive 
amount  of alkali (NaOH) added to the sample to 
maintain the pH at 8.5 during acy]ation. About four 
times more alkali was used in the highly succinylated 
samples in comparison with the control and the sam- 
ples succinylated at low levels. As hypothesized, the 
high ionic concentrations probably dissociated the 
ternary complex to form soluble proteinate and insol- 
uble Ca phytate. 

The nitrogen content in extract II of unmodified RF 
and RF modified with different levels of succinic 
anhydride did not differ significantly, while the PA 
content tended to increase with the level of succinic 
anhydride (Fig. 2). As in extract I, the extractabilities 
of bound Ca and total Ca, Mg and Fe followed that  of 
PA. This suggests that  in extract II, the PA was solu- 
bilized not only as a ternary complex with proteins 
and minerals but  also as a mineral-PA complex. The 
decrease in ionic strength related to the use of only 
deionized water in the second extract may  have been 
responsible for the PA solubilization. 

When RF was acylated by different levels of acetic 
anhydride, the extractabili ty pattern as well as the 
actual concentration of nitrogen and PA extracted at 
the highest level of acetylation were similar to that  of 
the succinylated samples (19). However, two differen- 
ces can be noted. At the highest level of acylat ing 
agent used, i.e., 0.186 g succinic anhydride or ml 
acetic anhydr ide /g  protein, rapeseed protein was 
modified by 63% with succinic anhydride but 87% 
with acetic anhydride, suggesting the greater reactiv- 
ity of the latter. Nevertheless, at the same level of 
modification, i.e., 63%, acetylation was not effective, 
whereas succinylation was with respect to increasing 
the nitrogen and decreasing the PA extractability. 
Since succinic anhydride introduces a long, nega- 
tively charged succinyl side chain while acetic anhy- 
dride introduces a neutral, shorter side chain, greater 
electrostatic repulsion and conformational change in 
the protein as well as steric hindrance to protein-PA 
binding may  have occurred with succinylation than 
acetylation at the same level. 

Figure 3 summarizes the total extractabili ty of the 
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FIG, 3. P e r c e n t  total  ex trac tab i l i ty  o f  n i t rogen  (N) and  
phyt i c  acid (PA) in the  u n m o d i f i e d  contro l  and r a p e s e e d  
f lour  succ iny la t ed  (SA) or ace ty la ted  (AA) at  the  h i g h e s t  
l e v e l  (0.18ti g succ in ic  a n h y d r i d e  or ml  acet ic  anhydride) .  

nitrogen and PA in the unmodified control and the 
RF succinylated or acetylated at the highest level; the 
extracts of RF acylated at low levels were no longer of 
interest since they contain high concentrations of 
PA. Note the higher yield of nitrogen and lower yield 
of PA in the highly acylated samples in comparison 
with the control. Since 93% of the total extracted PA 
came from the second extract, processing of the first 
extract separately from the second extract assured 
preparation of protein isolate with low PA concentra- 
tion. 

The extracts were adjusted to various pHs and the 
precipitation yields of nitrogen, PA and bound Ca 
were determined. The unmodified and highly succi- 
nylated samples had similar precipitation patterns, 
i.e., as  the pH decreased, there was an increase fol- 
lowed by a decrease in nitrogen and PA precipitation 
yields, whereas the bound Ca decreased continuously 
(Fig. 4) (20). The pattern for the acetylated extracts 
was also similar to that  of the succinylated extracts. 
These results suggest  that  much of the extracted PA 
coprecipitated with the proteins, especially at the 
isoelectric pH, with little or no mediation by Ca and 
other minerals. Obviously, the reduction in negative 
charges of the proteins as the pH was lowered resulted 
in the destabitization of the ternary complex and 
formation of binary complex. A slight shift in the 
isoelectric pH of the highly acylated samples, espe- 
cially the first extract, was expected due to the in- 
creased negative charges after acytation. 

For both the unmodified and the acylated samples, 
the nitrogen precipitation yields at the isoelectric pH 
were low (54-55% in extract I and 63-76% in extract II). 
This was reflected in the low overall yields when pro- 
tein isolate eventually was prepared from the raw 
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from the unmodified RF extract I were 85.2 and 2.2% 
40 " and from extract II, 68.9 and 6.3%, respectively. In 

contrast, the protein and PA contents of the protein 
PA isolate from the acetylated and succinylated RF ex- 

20 PA tract I were 75.3-76.5% and 0.2-0.3% and from extract 
II, 57.5-60.7% and 2.8%, respectively. 

The nitrogen solubility of the isoelectrically precip- 
I ~, N | ~ N  itated and dialyzed protein isolates differed greatly in 

0 L ,  . ! | | 1 l L the unmodified control but not much in the acylated 
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FIG. 4. Percent  bound Ca (B-Ca) and prec ip i tat ion  y ie ld  
o f  n i t r o g e n  (N) and phyt ic  acid (PA) o f  unmodi f i ed  and 
h i g h l y  succ iny la ted  rapeseed  f lour extracts  (20). A=ex - 
tract I, B=extract II. 

material by isoelectric precipitation (Fig. 5) (20). To 
improve the nitrogen yields, the protein extract was 
dialyzed against  distilled water to remove the resid- 
ual acylat ing agent  and non-proteinaceous constitu- 
ents of the extract, and the retentate was then freeze 
dried. However, twice as much PA was recovered by 
using the dialysis technique as by isoelectric precipi- 
tation. Addition of 0.1 M EDTA to extract II, which is 
higher in PA concentration, can effectively lower the 
total PA recovered by dialysis techniques but only to 
levels similar to that  obtained by isoelectric precipi- 
tation (Fig. 5). Since PA appears to be extracted 
part ly in the form of the ternary complex, complexa- 
tion of EDTA with the minerals prevented the asso- 
ciation of the still negatively charged proteins and 
PA and allowed diffusion of PA out of the dialysis 
bag. Ultrafiltration of the protein extracts gave re- 
coveries similar to those of the dialysis technique. 

The protein and PA contents of the protein isolate 

samples (Fig. 6). In case of the unmodified control, 
the isoelectrically precipitated proteins had lower 
solubility than the dialyzed samples, but all solubili- 
ties were still lower than those of the acylated sam- 
ples. On the other hand, the isoelectrically precipi- 
tated and dialyzed acylated samples both exhibited 
high solubilities. Similarly, the emulsifying and fat 
absorption capacities of the acylated proteins from 
the first extract were, respectively, 36-38% and 11- 
25%, higher than the unmodified control, but the 
whipping properties were over 50% lower (21). 

Therefore, acylation is not only a good method for 
improving the nitrogen recovery and removing the 
PA from the proteins in rapeseed, but also for improv- 
ing most of the functional properties of the protein 
isolates. 

NAVY BEAN FLOUR 

In contrast  with rapeseed, the extraction of acylated 
navy bean protein did not result in the separation of 
nitrogen from the PA (Fig. 7). As the degree of acyla- 
tion increased, both the PA and nitrogen extractabil- 
ity increased. However, when the extract was adjust- 
ed to the isoelectric pH, the PA in the unmodified 
control coprecipitated with the proteins but not with 
the acylated proteins (Table 1). These results suggest 
that  acylation can help separate the PA from the 
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TABLE 1. 

Yield of  N i t rogen  and Phyt ic  Acid from Extract  I o f  N a v y  Bean Flour 

% % PA ppted. % N ppted. 
g SA/g protein CM a pH 4 pH 3.5 pH 4 pH 3.5 

0 0 68.4 90.3 89.6 90.8 
1.5 90 5.6 9.3 89.0 94.5 

aChemicaI modification. 

n a v y  bean  prote in  at  the  pro te in  prec ip i ta t ion  stage.  
T h e  dif ferences  in the  ex t rac tab i l i ty  and  precipita-  
t ion  of  p ro te ins  f rom RF and  N B F  m a y  be due to 
di f ferences  in thei r  protein charges ,  composi t ion and  
conformat ion .  Rapeseed  protein is more heterogen- 
ous, cons is t ing  of m a n y  prote ins  of widely dif ferent  
isoetectr ic pH (22, 23), while  n a v y  bean  prote in  is 
more  homogenous ,  wi th  mos t  pro te ins  h a v i n g  an  
isoelectric pH of  about  4 (24). 

We have  demons t r a t ed  t ha t  protein acyla t ion  at  a 
h igh  level can  be used to separa te  the  prote ins  f rom 
the  P A  an d  to p repare  in h igh  yields low phy t a t e  pro- 
tein isolate  of  good funct iona l  propert ies.  However ,  
the  s epa ra t i on  of  the pro te ins  f rom the  PA m a y  occur  
e i ther  a t  the  ex t rac t ion  or the precipi ta t ion  stage,  
depend ing  on the na tu r e  of the  proteins ,  the i r  amino  
acid composi t ion,  charges  and  conformat ion .  There- 
fore, for  p repa ra t ion  of  low p h y t a t e  product ,  op t imum 
acy la t ion  condi t ions  for each  pro te in  source should 
be tested. 

Acy la ted  prote ins  have  not  r eached  the  commerc ia l  
stage,  p r imar i ly  due to l imited da t a  on the i r  sa fe ty  
and  toxicity.  Mice (25) fed acetyl  casein had  l ighter  
we igh t s  and  smal le r  l i t ters  t h a n  those  fed casein.  
However ,  there  were no his to logical  changes  in the  
o rgans  of mice fed acetyl  casein for three  generat ions .  
T h e  acy la ted  pro te ins  are  pa r t ly  digested and  the  
succ inyl  amino  acids appea r  to be absorbed (26,27), 
Never theless ,  the i r  metabol ic  fa te  is not  clear. There-  
fore, acyla ted  proteins,  including those described here, 
p robably  should be tested fur ther  for biological effects 
before they  can  be used for h u m a n  consumpt ion.  
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