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Using a combination of high-performance ion chromatography analysis and kinetic studies, the pathway
of dephosphorylation of myo-inositol hexakisphosphate by the phytases purified from faba bean and
lupine seeds, respectively, was established. The data demonstrate that the legume seed phytases
under investigation dephosphorylate myo-inositol hexakisphosphate in a stereospecific way. The
phytase from faba bean seeds and the phytase LP2 from lupine seeds degrade phytate by sequential
removal of phosphate groups via D-Ins(1,2,3,5,6)Ps, D-Ins(1,2,5,6)P,4, D-Ins(1,2,6)P3, and D-Ins(1,2)P,
to finally Ins(2)P, whereas the phytases LP11 and LP12 from lupine seeds generate the final
degradation product Ins(2)P via D-Ins(1,2,4,5,6)Ps, D-Ins(1,2,5,6)P4, D-Ins(1,2,6)P3, and D-Ins(1,2)P,.
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INTRODUCTION by controlling hypercholesterolemia and atherosclerds1s1(3),

Phytases rhyoinositol(1,2,3,4,5,6)hexakisphosphate phos- prevention of renal stone formatiomég 15), and reducgd risk
phohydrolases] belong to a special group of phosphatases thaPf colon cancer 16, 21). Because different structural isomers
may result in different physiological functions, identification

are capable of sequentially hydrolyzing phytateypinositol- e i .
(1,2,3,4,5,6)hexakisphosphate] to a series of lawgsinositol of the myomosnc_)l phosphates .generated during enzymatic
phosphates and orthophosphate. In vitro it was shown that aPhytate degradation is of great importance to exploit the full
single phytase can catalyze the sequential breakdownrfrpen potential of the r_1atura||y occurring phy_tases. The complete
phytate degradation pathway was elucidated for only a few

inositol hexakisphosphate tmycinositol monophosphate or ; . .
even myoinositol (1—8). With respect to the final phytate ~ Phytases, focusing on those of microbiatg, 11, 22) or cereal

degradation product, phytases can be divided into two groups.©"i9in (4—7). There is only one paper describing the phytate
Enzymes exhibiting an acidic pH optimum release five or even degradation pathway of a legume phytasg (
all six phosphate groups of phytate amgoinositol mono- Because the bioactivayacinositol phosphate isomers gener-
phosphate andnyoinositol, respectively, have been detected ated by legume phytases may be different from those generated
as their final degradation products. On the other hand, the Y Phytases from microbial or cereal origin and because it was
alkaline phytases9-11) are not capable of acceptingnayo shown recently_ that legume phy;ases may be an alternative to
inositol phosphate with three or fewer phosphate residues as gN€ corresponding enzymes of microorganisms and cereal seeds
substrate. Thusnyoinositol trisphosphate was shown to be the O @ biotechnological application to reduce phytate content
end product of phytate degradation by these alkaline phytasesduring food and feed processir@s, the objective of this study
Depending on the phytase used, different phosphate residued?as to elucidate the complete hydrolysis pathway of phytate
of phytate may be released at different rates and in different °Y Phytases purified from faba bean and lupine seeds, respec-
order, resulting in the generation of different phosphate- tVely-
containing intermediates.

Certainmyoinositol phosphates have been suggested to have MATERIALS AND METHODS
beneficial health effects, such as amelioration of heart disease Chemicals.Vicia fabavar. Alameda was obtained from CIDA of
Cordoba (Spain)Lupinus albusvar. Amiga from Sdwestsaat GbR
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(Sunnyvale, CA). AG1 X-4, 106200 mesh, resin was purchased from formate. After lyophilization, the residues were dissolved in z00
Bio-Rad (Minchen, Germany). of a solution of pyridine/bis(trimethylsilyl)trifluoroacetamide (1:1 v/v)
Purification of the Phytases. Purification of the phytases of  and incubated at room temperature for 24 h. The silylated products
Aspergillus niger(3), Escherichia coli(24), rye 25), faba bean seeds  were injected at 270C into a gas chromatograph coupled with a mass
(26), and lupine seeds28) was performed as described previously. spectrometer. The stationary phase was methylsilicon in a fused silica
All phytases were purified to apparent homogeneity according to column (0.25 mmx 15 m). Helium was used as the carrier gas at a
denaturing and non-denaturing polyacrylamide gel electrophoresis. flow rate of 0.5 m s The following heating program was used for
Assay of Phytase Activity. Phytase activity measurements were the column: increase from 100 to 34C at 4°C minL. lonization
carried out at 35°C. The enzymatic reactions were started by the was performed by electron impact at 70 eV and 260
addition of 10uL of enzyme to the assay mixtures. The incubation Statistical Methods. For statistical comparison Student’test was
mixture for phytase activity determination consisted of 3%0of 0.1 used.
M sodium acetate, pH 4.%6cherichia coliand Aspergillus nige),
0.1 M sodium acetate, pH 6.0 (rye), and 0.1 M sodium acetate, pH 5.0 ResuLTS
(faba bean and lupine), respectively, containing 500 nmol of sodium
phytate. Intermediates of Enzymatic myo-Inositol Hexakisphos-
To determine the kinetic parameters for enzymatic dephosphorylation phate Dephosphorylation.The identification of the hydrolysis
of individual myoinositol phosphates by the phytase from faba bean products ofmycinositol hexakisphosphate generated by the
apd lupine se_eds, 10 miIIiuni_t; of the. phy_tase were adde_d to sequentiallyphytase purified from faba bean seeds was performed by isomer-
diluted solutions of the purifiegnyoinositol phosphate isomer (2.0, specific HPIC analysisFigure 1). The chromatographic profile
10, 05, 0.25, 0.125, 0.06, 0.03, and 0.015 mM) in #000f 0.1 M of the zero-time control indicated only teyoinositol hexa-
sodium acetate buffer, pH 5.0, at 36. The followingmyainositol kisph hat K k 1) After 15 min of i bati th
phosphate isomers were used: D-Ins(1,2,4,5,8Pns(1,2,3,4,5)R ISP (_)Sp ate pea (pea_ )_' er . min O Incubation, the
D-Ins(1,2,3,5,6)R and themyainositol pentakisphosphate produced quantity of peak 1 riyoinositol hexakisphosphate) had _de'
by the legume phytase under investigation. creased and peak 4 [D/L-Ins(1,2,3,4 g)kppeared as the major
After an incubation period of 30 min, the liberated phosphate was degradation product, accompanied by small amounts of peak 3
quantified by using the ammonium molybdate meth?d) (vith some [D/L-Ins(1,2,4,5,6)B]. After 30 min of incubation, a further
modification. The rate of reaction was linear for the 30 min incubation decrease in peak Imycinositol hexakisphosphate) was ob-
time (data not shown); 1.5 mL of a freshly prepared solution of served. Bothmyoinositol pentakisphosphates peak 4 [D/L-
acetone/5 N sulfuric acid/10 mM ammonium molybdate (2:1:1 v/V) |ns(1,2,3,4,5)F] and peak 3 [D/L-Ins(1,2,4,5,6)Phad also
and thereafter 100L of_ 1.0 M citrig acid were added. Any cloudiness decreased, whereas peak 8 (D/L-Ins(1,2,5)6h@d increased.
was removed by cen_trlfuhgatloln prlodr t(:]the E“leasurerr:%nt (_)f absorbanceFurthermore, small amounts of peak 12 [D/L-Ins(1,2,343Rd
at 355 nm. To quantify the released phosphate, a calibration curve Waspeak 18 [DIL-Ins(1,2,6)Pand/or Ins(L,2,3)] were found. After

produced over the range of-500 nmol phosphate. Activity (units) ; . . .
was expressed as micromoles of phosphate liberated per minute. Blanks60 min of incubation, a further decrease in peaks 1, 3, and 4

were run by addition of the ammonium molybdate solution prior to  (MY@inositol hexakisphosphate and pentakisphosphates) and a

addition of the enzyme solution to the assay mixture. The kinetic further increase in peak 8 [D/L-Ins(1,2,5,6)Fpeak 12 [D/L-

constantsKy andumay) were calculated from LineweaveBurk plots Ins(1,2,3,4)f], and peak 18 [D/L-Ins(1,2,6)Rnd/or Ins(1,2,3)5

of the data. For calculation &f. the following molecular masses were ~ was observed. In addition, small amounts of peak 22 [D/L-

used: faba bean, 66 kD28); lupine LP11, 57 kDa; lupine LP12, 57 Ins(1,2)R, Ins(2,5)B, and/or D/L-Ins(4,5)F appeared. After

kDa; and lupine LP2, 64 kD&2@). 90 min of incubationmyoinositol hexakisphosphate (peak 1)
Preparation of Lower myo-Inositol PhosphatesThe phytases from and themyoinositol pentakisphosphates (peaks 3 and 4) were

Aspergillus niger Escherichia coli and rye were used to generate completely degraded to lowenyoinositol phosphates, mainly

D-Ins(1,2,4,5,6) D-Ins(1,2,3,4,5)8 and D-Ins(1,2,3,560°myo  joay g (D)L -Ins(1,2,5,6)1, peak 18 [D/L-Ins(1,2,6)Pand/or

Inositol hexakisphosphate (5Q0mol) was incubated at 35C in a
mixture containing 50 mM ammonium acetate, pH 48sd¢herichia Ins(1,2,3)R], and peak 22 [D/L-Ins(1,2) Ins(2,5)B, andfor

coli andAspergillus nigey, 50 mM ammonium acetate, pH 6.0 (rye), D/L-INS(3,5)R]. In addition, traces of peak 12 [D/L-Ins(1,2,3,4)P
and 50 mM ammonium acetate, pH 5.0 (faba bean and lupine), Were still present. After 120 min of incubation, only small
respectively, and 10 units of the phytases in a final volume of 200 amounts of peak 8 [D/L-Ins(1,2,5,6JPremained within the
mL. After an incubation period of 30 min, the reactions were stopped myacinositol tetrakisphosphates. They were nearly completely
by heat treatment (98C for 10 min). Themyainositol pentakis- degraded to peak 18 [D/L-Ins(1,2,8)&nd/or Ins(1,2,3)f and

phosphates were purified as described previoudly ( peak 22 [D/L-Ins(1,2)R Ins(2,5)R, and/or D/L-Ins(4,5)g.
Production of Enzymatically Formed Hydrolysis Products. The Incubation of the faba bean phytase with a limiting amount of
enzymatic reaction was started at 35 by the addition of 5Q.L of phytate resulted in the generation of omgoinositol mono-

the suitably diluted solution of the different legume phytases to the
incubation mixtures (100 milliunits mt!). The incubation mixture
consisted of 1250L of 0.1 M sodium acetate buffer, pH 5.0, containing

phosphate, which was identified as Ins(2)P by gas chromatog-
raphy—mass spectrometry (data not shown).

2.5 umol of sodium phytate. From the incubation mixture, 300 ~ Adetailed characterization of the hydrolysis pathwayny
samples were removed periodically, and the reaction was stopped byinositol hexakisphosphate by the phytases from lupine seeds
heat treatment (90C for 5 min). (Figure 2) revealed that LP11 and LP12 degrade phytate via

Identification of Enzymatically Formed Hydrolysis Products D/L-Ins(1,2,4,5,6)F (peak 3), D/L-Ins(1,2,5,6)P (peak 8),
(InsPe—InsPy). Fifty microliters of the heat-treated samples was Ins(1,2,3)B or D/L-Ins(1,2,6)R (peak 18), and D/L-Ins(1,2)P
chromatographed on an HPIC system using a Carbo Pac PA-100 (4 or Ins(2,5)B or D/L-Ins(4,5)R (peak 22) to finally Ins(2)P,

250 mm) analytical column and a gradient 6f$8% HCI (0.5 M, 0.8~ whereas LP2 hydrolyzes phytate, as the phytase from faba bean
_mL min~?) as described by S_koglund et &8(. The eIl_Jants were mixed seeds, via D/L-Ins(1,2,3,4,5Rpeak 4), D/L-Ins(1,2,5,6)P
in a postcolumn reactor with 0.1% Fe(N&@9H,0 in a 2% HCIQ (peak 8), Ins(1,2,3)Por D/L-Ins(1,2,6)R (peak 18), and D/L-

solution (0.4 mL min?) according to the method of Phillippy and Bland .
(29). The combined flow rate was 1.2 mL mih :zzg)i)a or Ins(2,5)R or D/L-Ins(4,5)R (peak 22) to finally

Identification of the myo-Inositol Monophosphate Isomer.myo sl . . o
Inositol monophosphate was produced by incubation of 1.0 unit of the  Kinetic Studies. To determine the kinetic parameters for the
legume phytase with a limiting amount ofyoinositol hexakisphos- hydrolysis of somaemyainositol phosphate isomers at pH 6.0
phate (0.1umol) in a final volume of 50Q:L of 50 mM ammonium and 35°C by the legume phytase under investigation, the
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Figure 1. HPIC analysis of the enzymatically formed hydrolysis products of myo-inositol hexakisphosphate (InsPs—InsP,) by the phytase purified from
faba bean seeds reference sample (A). The source of the reference myo-inositol phosphates is as indicated in Skoglund et al. (28), phytase from faba
bean seeds. Peaks: (1) Ins(1,2,3,4,5,6)P¢; (2) Ins(1,3,4,5,6)Ps; (3) D/L-Ins(1,2,4,5,6)Ps; (4) D/L-Ins(1,2,3,4,5)Ps; (5) Ins(1,2,3,4,6)Ps; (6) D/L-Ins(1,4,5,6)Ps;
(7) Ins(2,4,5,6)Ps; (8) DIL-Ins(1,2,5,6)P4; (9) DIL-Ins(1,3,4,5)P4; (10) D/L-Ins(1,2,4,5)Ps; (11) Ins(1,3,4,6)Ps; (12) D/L-Ins(1,2,3,4)Ps; (13) D/L-Ins(1,2,4,6)P4;
(14) Ins(1,2,3,5)Ps; (15) Ins(4,5,6)Ps; (16) DIL-Ins(1,5,6)Ps; (17) D/L-Ins(1,4,5)Ps; (18) DiL-Ins(1,2,6)Ps, Ins(1,2,3)Ps; (19) DiL-Ins(1,3,4)Ps; (20) DIL-
Ins(1,2,4)P3, D/L-Ins(2,4,5)Ps; (21) DIL-Ins(2,4)P5; (22) DIL-Ins(1,2)P,, Ins(2,5)P,, D/L-Ins(4,5)Py; (23) DIL-Ins(1,4)P,, DIL-Ins(1,6)P,.

enzymes were added to sequentially diluted solutions the myeginositol pentakisphosphates included in the study for

of Ins(1,2,3,4,5,6) D-Ins(1,2,4,5,6)F D-Ins(1,2,3,5,6)R
D-Ins(1,2,3,4,5)B and the major mycinositol pentakis-

every single enzyme, it is obvious that the kinetic parameters

for themyaoinositol pentakisphosphate generated by the enzyme

phosphate generated by the legume phytase under investigatiorunder investigation are not statistically significant different

The kinetic parametersK{y and kea) were calculated from
Lineweaver-Burk plots of the dataTable 1). Ky and ke for

the enzymatic hydrolysis of Ins(1,2,3,4,5,6)#ere determined

to be Ky = 148 umol L™ (faba bean), 8@umol L= (lupine
LP11), 30Qumol L= (lupine LP12), and 13@mol L~ (lupine
LP2) andkeat = 704 st (faba bean), 52374 (lupine LP11),
589 s1 (lupine LP12), and 53372 (lupine LP2), respectively.

In comparison tomyainositol hexakisphosphate, the affinity
of the myainositol pentakisphosphates included in the study

(P < 0.05) from the kinetic parameters for the hydrolysis
of D-Ins(1,2,3,5,6)P (faba bean and lupine LP2) and
D-Ins(1,2,4,5,6)R (lupine LP11 and LP12), respectively.

DISCUSSION

Several studies have been performed to elucidate the hy-
drolysis pathway of phytate by phytases from bacterial2(
11), fungal @, 22), and cereal4—7) origins, but only one study

for the legume phytases under investigation and their maximal on the phytate hydrolysis pathway of a legume phytase has been

rates of hydrolysis were higher. Comparing the hydrolysis of

reported 8). The phytase from mung beans seeds was reported
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Figure 2. HPIC analysis of the enzymatically formed hydrolysis products of myo-inositol hexakisphosphate (InsPs—InsP,) by the phytase purified from
lupine seeds reference sample (A). The source of the reference myo-inositol phosphates is as indicated in Skoglund et al. (28). Reference sample: see
Figure 1, incubation time = 60 min. (B) Phytase LP11; (C) phytase LP12; (D) phytase LP2. Peaks: (1) Ins(1,2,3,4,5,6)Ps; (2) Ins(1,3,4,5,6)Ps; (3)
DIL-Ins(1,2,4,5,6)Ps; (4) D/L-Ins(1,2,3,4,5)Ps; (5) Ins(1,2,3,4,6)Ps; (6) DIL-Ins(1,4,5,6)P4; (7) Ins(2,4,5,6)P4; (8) DIL-Ins(1,2,5,6)P4; (9) D/L-Ins(1,3,4,5)Py;
(10) DIL-Ins(1,2,4,5)P4; (11) Ins(1,3,4,6)Ps; (12) DIL-Ins(1,2,3,4)Ps; (13) DIL-Ins(1,2,4,6)Ps; (14) Ins(1,2,3,5)Ps; (15) Ins(4,5,6)Ps; (16) D/L-Ins(1,5,6)Ps;
(17) DIL-Ins(1,4,5)P5; (18) DIL-Ins(1,2,6)Ps, Ins(1,2,3)P5; (19) DIL-Ins(1,3,4)Ps; (20) D/L-Ins(1,2,4)Ps, DIL-Ins(2,4,5)Ps; (21) D/L-Ins(2,4)P5; (22) DIL-
Ins(1,2)P2, Ins(2,5)P, DIL-Ins(4,5)Py; (23) DIL-Ins(1,4)P,, DIL-Ins(1,6)P;.

to degrade phytate via two independent routes: The routes pro-rice, Saccharomyces cerisiae, PseudomonaKlebsiella ter-
ceed via D-Ins(1,2,3,5,63PD-Ins(1,2,3,6)R, D-Ins(1,2,6)R, and rigena andAspergillus niger(1, 2, 4—8, 30, 31) fit into this
D-Ins(2,6)B to finally Ins(2)P and via D-Ins(1,2,3,5,6P general consideration. However, this is not a general rule, as
D-Ins(1,2,3,6)B, D-Ins(1,2,3)B, and D-Ins(1,2)R to finally exemplified by indications of 3-phytase activity in lupine (LP11

Ins(2)P. and LP12) and soybean seeds and 6-phytase activity in
It was concluded that the faba bean phytase and the phytasé?aramecium(22) and Escherichia coli(2).
LP2 from lupine seeds generate D-Ins(1,2,3,5@)gthe major The mycinositol phosphate intermediates generated by the

myainositol pentakisphosphate intermediate, whereas the majorlegume phytases under investigation are consistent with the
myacinositol pentakisphosphate intermediate generated by thedegradation pathways shownhigure 3. All enzymes remove
phytases LP11 and LP12 from lupine seeds is D-Ins(1,2,4%,6)P phosphate stepwise from the phytate molecule, whereby each
because the kinetic parameters for thgcinositol pentakis- myainositol intermediate is released from the enzyme and may
phosphate generated by the individual phytase under investiga-become a substrate for further hydrolysis. The major phytate
tion are not statistically significantly differenP(< 0.05) from degradation pathway of the phytases LP11 and LP12 from
the kinetic parameters for the hydrolysis of D-Ins(1,2,3,56)P lupine seeds proceeds via D-Ins(1,2,4,56RIns(1,2,5,6)R,

(faba bean and lupine LP2) and D-Ins(1,2,4,5&Mpine LP11 D-Ins(1,2,6)R, and D-Ins(1,2)Rto finally Ins(2)P, whereas the
and LP12), respectively. Because the phytases under investigafaba bean phytase and the phytase LP2 from lupine seeds
tion generate D-Ins(1,2,4,5,6)Pupine LP11 and LP12) and degrade phytate via D-Ins(1,2,3,5,6)PD-Ins(1,2,5,6)R,
D-Ins(1,2,3,5,6)RP(faba bean and lupine LP2), respectively, as D-Ins(1,2,6)R, and D-Ins(1,2)Rto finally Ins(2)P. The phytase
the major mycinositol pentakisphosphate intermediate, the purified from faba bean seeds exhibited to a small extent also
lupine phytases LP11 and LP12 are 3-phytases (EC 3.1.3.8),3-phytase activity. Thereby, D/L-Ins(1,2,4,5,6)B generated,
whereas the phytase purified from faba bean seeds and thewvhich may be linked to the major degradation pathway by
phytase LP2 from lupine seeds are 6-phytases (EC 3.1.3.26).dephosphorylation to D/L-Ins(1,2,5,6)PA further minor
Phytases from microorganisms are considered to be 3-phytasepathway seems to proceed from D-Ins(1,2,3,56)Ra

(EC 3.1.3.8), whereas seeds of higher plants are said to contairD-Ins(1,2,3,6)8, Ins(1,2,3)B, and/or D-Ins(1,2,6)P and
6-phytases (EC 3.1.3.26). Thus, the phytases from faba bearD-Ins(1,2)B to finally Ins(2)P.

seeds and the phytase LP2 from lupine seeds as well as the All theoretically existingmyainositol pentakis- and tetra-
phytases from mung bean, rye, barley, spelt, oat, wheat bran,kisphosphate isomers are well resolved on the HPIC system
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Ins(1,2,3,4,5,6)Ps

Table 1. Kinetic Constants for Enzymatic myo-Inositol Phosphate (a1
peal

Dephosphorylation

faba bean, lupine LP11,

substrate enzyme Kn? (zemol L=1) Keat® (571 lupine LP2 lupine LP12
InsPs faba bean 148+9 704 +31
lupine LP11 80+5 523+21
lupine LP12 300+ 17 589 + 26 D-Ins(1,2,3,5,6)Ps D-Ins(1,2,4,5,6)Ps
lupine LP2 1307 533+18 (peak 4) (peak 3)
1
InsPs? faba bean 99 +5a 921 + 54a 1
lupine LP11 65+ 3b 671+ 19 1
lupine LP12 152 +12¢ 684 + 42b I
lupine LP2 84 +4d 691+ 38b v
D-Ins(1,2,4,5,6)Ps faba bean nd nd D-Ins(1,2,3,6)P4 D-Ins(1,2,5,6)P4
lupine LP11 68 +5b 664 + 23b (peak 12) (peak 8)
lupine LP12 146 +9c 696 + 31b oS
lupine LP2 nd nd : AN .
D-Ins(1,2,3,5,6)Ps faba bean 104 + 6a 936 + 42a I RS -
lupine LP11 nd nd * v
lupine LP12 nd nd
. D/L-Ins(1,2,3)P; D-Ins(1,2,6)Ps
|Up|ne LP2 87+3d 679 +19b (peak 18) (peak 18)
D-Ins(1,2,3,4,5)Ps faba bean 411+ 27e 271+ 18c S R
lupine LP11 nd nd S
lupine LP12 nd nd AN
lupine LP2 521 + 35f 196 + 13d \‘ v
a Entries followed by different letters in a column differ (P < 0.05). nd, not D(-Ins(l‘(l ;2')’2
determined. The data are mean values + standard deviation of five independent pea
experiments. ® Generated by the legume phytase under investigation.
used Figure 1), so the identities of thenyainositol pentakis- v
and tetrakisphosphate isomers generated by the phytases under Ins(2)P
ns

investigation is well established. A clear identification of the
formed myocinositol trisphosphate isomers by HPIC was not Figure 3. Suggested degradation pathways of phytate by the phytase
possible until now, because not all theoretically existing isomers under investigation: (solid arrow) Major pathway of myo-inositol hexakis-
are available. Theoretically D-Ins(1,2,3)®-Ins(1,2,6)B, and phosphate dephosphorylation by the legume phytase under investigation;
D-Ins(2,5,6)B as well as D-Ins(1,2)P D-Ins(2,5)B, and (broken arrow) minor pathway of myo-inositol hexakisphosphate dephos-
D-Ins(2,6)R may occur during degradation of D-Ins(1,2,5,6)P  phorylation by the faba bean phytase. The faba bean enzyme generates

to Ins(2)P. According to HPIC, D-Ins(2,6)Bpeak 21) has to  also small amounts of D/L-Ins(1,2,4,5,6)Ps.

be excluded as an intermediate, because thyginositol

bisphosphate elutes well resolved from the inpBak (peak analysis and kinetic studiegt)( gave identical results, the
22) generated duringnycinositol hexakisphosphate dephos- suitability of the latter to reveal the stereospecificity of

phorylation by the phytases under investigatiBig(res 1and enzymaticmyainositol hexakisphosphate degradation has al-
2). In addition, only amyoinositol trisphosphate intermediate ~ready been demonstrated.

coeluting with D-Ins(1,2,6)P (peak 18) could serve as a Inositol phosphates containing the 1,2,3-trisphosphate cluster
precursor of Ins(2)P. Thus, Ins(2)P is generated from are iron-binding antioxidant8g, 33), and D-Ins(1,2,3,6)Fhas
D-Ins(1,2,5,6)R via D-Ins(1,2,6)R, and D-Ins(1,2)R a structure that is moderately effective in opening calcium

Thus, the phytate degradation pathways elucidated for the channels 4, 35). In addition, D-Ins(1,2,6)Phas anti-inflam-
legume phytases under investigation are identical either to thematory and antisecretory properti&). Whethemyoinositol
phytate degradation pathway determined for the phytases fromphosphate isomers have nutritional S|gn|f|cance in food is for

Saccharomyces cersiae (3) and Pseudomonagl) (lupine the most part speculative, even if an in vivo antioxidative effect
LP11 and LP12) or to the phytate degradation pathway obtained©f dietarymycinositol phosphates has been reportdd @g).
for the phytases from rye, barley, spelt, o#)t, (vheat bran?), Until now, the diversity and practical unavailability of the

degradation pathway of the phytase from faba bean seeds show§€ing tested as bioactive. Studies are now under way to make
The most striking difference is the appearance of only in sufficient quantities for physiological studies.
D-Ins(1,2,3,6)Ras themyainositol tetrakisphosphate intermedi-

ate during phytate hydrolysis by the phytase from mung bean LITERATURE CITED

seeds, whereas the phytase from faba bean seeds generates ) S
mainly D-Ins(1,2,5,6) The difference may be due to not only 2) Cosgr_oye, D. J_. Inositol phosphate _phosphat_ase qf microbiologi-
the different specificities of the two enzymes but also the cal origin. Inositol pentaphosphate intermediates in the dephos-

. . . - phorylation of the hexaphosphateswjainositol, scyllo-inositol,
different analytical approaches to elucidate the enzymatic ando-chiro-inositol, by a bacterialRseudomonasp.) phytase.

phytate degradation pathways. However, becaugeinositol Aust. J. Biol. Sci197Q 23, 1207-1220.
hexakisphosphate dephosphorylation by the wheat phytase (2) Greiner, R.; Carlsson, N.-G.; Larsson Alminger, M. Stereospeci-
deduced using an NMR techniqué) @nd by the phytase D21 ficity of myoinositol hexakisphosphate dephosphorylation by a

from spelt, an old wheat variety, using a combination of HPIC phytase ofEscherichia coli J. Biotechnol.200Q 84, 53—62.



6870 J. Agric. Food Chem., Vol. 50, No. 23, 2002

(3) Greiner, R.; Larsson Alminger, M.; Carlsson, N.-G. Stereospeci-
ficity of myainositol hexakisphosphate dephosphorylation by a
phytase of baker’s yeast. Agric. Food Chen2001, 49, 2228~
2233.

(4) Greiner, R.; Larsson Alminger, M. Stereospecificity raf/c
inositol hexakisphosphate dephosphorylation by phytases of
cerealsJ. Food Biochem2001, 25, 229-248.

(5) Hayakawa, T.; Suzuki, K.; Miura, H.; Ohno, T.; lgaueMyo-
inositol polyphosphate intermediates in the dephosphorylation
of phytic acid by acid phosphatase with phytase activity from
rice bran.Agric. Biol. Chem.199Q 54, 279-286.

(6) Lim, P. E.; Tate, M. E. The phytases: Il. Properties of phytase
fraction R and R from wheat bran and thenycinositol
phosphates produced by fraction. Biochim. Biophys. Acta
197Q 302 326-328.

(7) Nakano, T.; Joh, T.; Narita, K.; Hayakawa, T. The pathway of
dephosphorylation of myo-inositol hexakisphosphate by phytases
from wheat bran offriticum aestiumL. cv. Nourin #61 Biosci.,
Biotechnol., Biochen00Q 64, 995-1003.

(8) Maiti, I. B.; Majumber, A. L.; Biswas, B. B. Purification and
mode of action of phytase frofhaseolus aureushytochem-
istry 1974 13, 1047-1051.

(9) Barrientos, L.; Scott, J. J.; Murthy, P. P. Specificity of hydrolysis
of phytic acid by alkaline phytase from lily polleRlant Physiol.
1994 106, 489-1495.

(10) Hara, A.; Ebina, S.; Kondo, A.; Funaguma, T. A new type of
phytase from pollen offypha latifoliaL. Agric. Biol. Chem.
1985 49, 3539-3544.

(11) Kerovuo, J.; Rouvinen, J.; Hatzack, F. Hydrolysis of phytic acid
by Bacillus phytase Biochem. J200Q 352 623-628.

(12) Jariwalla, R. J.; Sabin, R.; Lawson, S.; Herman, Z. S. Lowering
of serum cholesterol and triglycerides and modulation of divalent
cations by dietary phytatd. Appl. Nutr.199Q 42, 18—28.

(13) Potter, S. M. Overview of proposed mechanisms for the
hypocholesterolemic effect of soy. Nutr. 1995 125 606S-
611S.

(14) Modlin, M. Urinary phosphorylated inositols and renal stone.
Lancet198Q 2, 1113-1114.

(15) Ohkawa, T.; Ebisuno, S.; Kitagawa, M.; Morimoto, S.; Miyazaki,
Y.; Yasukawa, S. Rice bran treatment for patients with hyper-
calciuric stones: Experimental and clinical studizdJrol. 1984
132 1140-1145.

(16) Baten, A.; Ullah, A.; Tomazic, V. J.; Shamsuddin, A. M. Inositol-
phosphate-induced enhancement of natural killer cell activity
correlates with tumor suppressio@arcinogenesisl989 10,
1595-1598.

(17) Graf, E.; Eaton, J. W. Suppression of colonic cancer by dietary
phytic acid.Nutr. Cancer1993 19, 11-19.

(18) Shamsuddin, A. M.; Vucenik, I.; Cole, K. E. IP-6: A novel anti-
cancer agent.ife Sci.1997 61, 343-354.

(19) Ullah, A.; Shamsuddin, A. M. Dose-dependent inhibition of large
intestinal cancer by inositol hexaphosphate in F344 @gs-
cinogenesid99Q 11, 2219-2222.

(20) Vucenik, I.; Sakamoto, K.; Bansal, M.; Shamsuddin, A. M.
Mammary carcinogenesis inhibition by inositol compounds.
Cancer Lett.1993 75, 95-102.

(21) Yang, G.; Shamsuddin, A. M. IP-6-induced growth inhibition
and differentiation of HT-29 human colon cancer cells: Involve-
ment of intracellular inositol phosphateésnticancer Res1995
15, 2479-2488.

(22) van der Kaay, J.; van Haastert, J. M. Stereospecificity of inositol
hexaphosphate dephosphorylationRarameciunphytaseBio-
chem. J.1995 312 907-910.

Greiner et al.

(23) Greiner, R. Purification and characterization of three phytases
from germinated lupine seedkupinus albusvar. Amiga).J.
Agric. Food Chem2002 50, 6858-6864.

(24) Greiner, R.; Konietzny, U.; Jany, K.-D. Purification and char-
acterization of two phytases frorkscherichia coli Arch.
Biochem. Biophys1993 303 107-113.

(25) Greiner, R.; Konietzny, U.; Jany, K.-D. Purification and proper-
ties of a phytase from ryel. Food Biochem1998 22, 143—

161.

(26) Greiner, R.; Muzquiz, M.; Burbano, C.; Cuadrado, C.; Pedrosa,
M. M.; Goyoaga, C. Purification and characterization of a phytase
from germinated faba beangi¢ia fabavar. Alameda),). Agric.
Food Chem2001, 49, 2234-2240.

(27) Heinonen, J. K.; Lahti, R. J. A new and convenient colorimetric
determination of inorganic orthophosphate and its application
to the assay of inorganic pyrophosphataseal. Biochem1981,

113 313-317.

(28) Skoglund, E.; Carlsson, N.-G.; Sandberg, A.-S. High-performance
chromatographic separation of inositol phosphate isomers on
strong anion exchange columnk. Agric. Food Chem1998
46, 1877-1882.

(29) Phillippy, B. Q.; Bland, J. M. Gradient ion chromatography of
inositol phosphatesAnal. Biochem1988 175 162-166.

(30) Greiner, R.; Haller, E.; Konietzny, U.; Jany, K.-D. Purification
and characterization of a phytase frétebsiella terrigenaArch.
Biochem. Biophysl997, 341, 201—-206.

(31) Irving, G. C. J.; Cosgrove, D. J. Inositol phosphate phosphatases
of microbiological origin: the inositol pentaphosphate products
of Aspergillus ficuunphytase.J. Bacteriol. 1972 112, 434—

438.

(32) Phillippy, B. Q.; Graf, E. Antioxidant functions of inositol 1,2,3-
trisphosphate and inositol 1,2,3,6-tetrakisphospliate Radical
Biol. Med.1997, 22, 939-946.

(33) Spiers, I. D.; Freeman, S.; Poyner, D. R.; Schwalbe, C. H. The
first synthesis and iron binding studies of the natural product
myainositol 1,2,3-trisphospjhatéletrahedron Lett1995 36,
2125-2128.

(34) Burford, N. T.; Nahorski, S. R.; Chung, S.-K.; Chang, Y. T.,

Wilcox, R. A. Binding and activity of the nine possible

regioisomers ofmyacinositol tetrakisphosphate at the inositol

1,4,5-trisphosphte receptdCell Calcium1997, 21, 301—310.

Delisle, S.; Radenberg, T.; Wintermantel, M. R.; Tietz, C.; Parys,

J. B.; Pittet, D.; Welsh, M. J., Mayr, G. W. Second messenger

specificity of the inositol trisphosphate receptor: reappraisal

based on novel inositol phosphatésn. J. Physiol1994 266

(Cell Physiol. 3%, C429-436.

Claxon, A.; Morris, C.; Blake, D.; Siren, M.; Halliwell, B.;

Gustafsson, T.; Likvist, B.; Bergelin, I. The anti-inflammatory

effects ofp-myoinositol-1.2,6-trisphosphate (PP56) on animal

models of inflammationAgents Actiond499Q 29, 68—70.

Shen, X.; Weaver, C. M.; Kempa-Steczko, A.; Martin, B. R.;

Philippy, B. Q.; Heaney, R. P. An inositol phosphate as a calcium

absoption enhancer in rat. Nutr. Biochem1998 9, 298—

301.

Singh, A.; Singh, S. P.; Bamezai, R. Modulatory influence of

arecoline on the phytic acid-altered hepatic biotransformation

system enzymes, sulfhydryl content and lipid peroxidation in a

murine systemCancer Lett.1997 117, 1-6.

35

(36)

@37

(38)

Received for review April 24, 2002. Revised manuscript received
September 6, 2002. Accepted September 12, 2002.

JF025620T



