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Three phytases were purified about 14200-fold (LP11), 16000-fold (LP12), and 13100-fold (LP2) from
germinated 4-day-old lupine seedlings to apparent homogeneity with recoveries of 13% (LP11), 8%
(LP12), and 9% (LP2) referred to the phytase activity in the crude extract. They behave as monomeric
proteins of a molecular mass of about 57 kDa (LP11 and LP12) and 64 kDa (LP2), respectively. The
purified proteins belong to the acid phytases. They exhibit a single pH optimum at 5.0. Optimal
temperature for the degradation of sodium phytate is 50 °C. Kinetic parameters for the hydrolysis of
sodium phytate are Ky = 80 uM (LP11), 300 uM (LP12), and 130 uM (LP2) and kg = 523 st
(LP11), 589 s (LP12), and 533 s! (LP2) at pH 5.0 and 35 °C. The phytases from lupine seeds
exhibit a broad affinity for various phosphorylated compounds and hydrolyze phytate in a stepwise
manner.
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INTRODUCTION A number of studies have already shown that addition of
phytases enhances phosphate utilization from phytate and

Especially in the South American Andean region, lupine seeds " .
have been used as a source of protein and oil from ancient timesdrastically reduces orthophosphate excret@rv). As phytate

In recent years lupine protein has been studied as an alternativé®@" @ct as an antinutrient by binding to proteins and by chelating
protein for human consumption with growing interest as a result mlng_rals, such as zinc, 1ron, calcium, ‘?‘_”d magnesi@ (

of its good functional properties and its high concentration in addition of phytases can improve the n.utnthnql value of P'a”t'
lupine seeds. In addition, the development of new applications @s€d foods by enhancing protein digestibility and mineral
of lupine protein and its use as a food ingredient would promote 2vailability through phytate hydrolysis during digestion in the
the production of this crop with a positive impact in terms of stomachg, _10) or during food _and_fegd_ processing (Phytases
agriculture on marginal soils. A major obstacle in utilizing lupine &'® also of interest for producing individual breakdown products

seeds for food and feed is the presence of antinutrients such a&f Phytate for kinetic and physiological studies. ,
phytate fyoinositol(1,2,3,4,5,6)hexakisphosphate]. Trugo et | he objective of this work was to purify and characterize a
al. have reported a phytate content of-8142% dry matter in phytase from lupine seeds. This enzyme may find application

seeds of different wild species and cultivated varieties of lupine !N ImProving the physiological quality of lupine protein based
). products. Therefore, this work is in line with the recent general

Phytasesrtiyoinositol hexakisphosphate phosphohydrolase) ténd to find alternatives to animal and soybeans as protein
are widely distributed in nature2(3), for example, in plants, ~ Sourcesin food. There are several publications on the purifica-

microorganisms, and certain animal tissues. These enzymedion and characterization of phytases from microblil{18)
catalyze the stepwise degradation of phytate, the principle and cereall9-24) origins, but the knowledge on phytases from
storage form of phosphorus in mature seeds of cereals andleg‘_maS is rather limited. The_ only phytases f_rom legumes
legumes 4), to a series of lowemyoinositol phosphates and purified to apparent homogeneity and characterized so far are
orthophosphate. Phytases have been studied intensively in recerf!€ €nzymes from soybean see@$)( faba bean seed2),
years because of the interest in such enzymes for reducing thd"Und bean seed1), and scallion leaves2). A first report
phytate content in animal feed and food for human consumption. on Iupme_phytase was given by _S_llva and Trugs)( but _for
Phytases were originally proposed as an animal feed additive Characterization only a partly purified enzyme preparation was
to enhance the value of plant material in animal feed by USed-

liberating orthophosphate5). More recently, addition of

phytases has also been seen as a way to reduce the level JAATERIALS AND METHODS

phosphate pollution in areas of intensive livestock management. Chemicals. Lupinus albus var. Amiga was obtained from
Sitdwestsaat GbR (Rastatt, Germany). Fractogel CMD C®8&0(S)

t Telephonet+49 (0) 721/6625 479; fax-+49 (0) 721/6625 457 e-mail and most of the enzyme substrates were purchased from E. Merck
ralf.greiner@bfe.uni-karlsruhe.de. (Darmstadt, Germany). Phytic acid dodecasodium salt was obtained
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from Aldrich (Steinheim, Germany), and all other phosphorylated Identification of Hydrolysis Products. Enzyme and sodium phytate
compounds came from Fluka and Sigma. CM-Sepharose CL 6B, were incubated as described for the activity determination but omitting
DEAE-Sepharose CL 6B, and high-load 16/60 Sephacryl S-200 HR the phosphate assay. Samplesgb&Pwere removed periodically from
were obtained from Pharmacia (Freiburg, Germany). Ultrasep ES 100 the incubation mixture, and the reaction was stopped by heatG90
RP18 was purchased from Bischoff (Leonberg, Germany). AG1 X-4, 5 min) in a PCR thermocycler to avoid evaporation of solvent. Then
100-200 mesh, resin was obtained from Bio-Rad'(Mien, Germany). 20 uL of the samples was chromatographed on Ultrasep ES 100 RP18
All reagents were analytical grade. (2 x 250 mm). The column was run at 48 and 0.2 mL min? of an
Seed Germination. For surface sterilization lupine seeds were €luant consisting of formic acid/methanol/water/tetrabutylammonium
soaked in the following solutions: (1) 0.1% Tween-80 for 5 min; (2) hydroxide (44:56:5:1.5 v/v), pH 4.25, as described by Sandberg and
0.5% NaOCI for 2 min; (3) 0.75% ¥D, for 1 min. The seeds were  Ahderinne 82). A mixture of the individualmyoinositol phosphate
thoroughly rinsed with sterile water after each treatment. They were esters (InsP-InsR;) was used as a standard. The loweycinositol

allowed to germinate on sterile boxes in the dark atQ@or up to 10 phosphates have been generated by controlled enzymatic hydrolysis
days. The seeds were rinsed once a day with sterile water, which wasof phytate.
removed completely. Purification of the Phytases. Ammonium Sulfate Precipitatiorhe

For extraction of the phytases, the germinated lupine seeds wereCrude extract was used for an ammonium sulfate precipitatior*@t 4
frozen at—80 °C for 24 h and thereafter dried at 0.37 mbar to complete @nd 30-80% saturation. The precipitate was collected by centrifugation
dryness. This procedure does not result in significant differences in at 1200@ for 30 min and suspended in 20 mM sodium acetate buffer,

extractable phytase activity in comparison to seeds extracted im- PH 4.5, containing 0.1% Trition X-100 and dialyzed against the same
mediately after the germination process. buffer. Any insoluble material was removed by centrifugation at 18000
for 30 min.

CM-Sepharose CL 6B Chromatograpfihe dialyzed ammonium
sulfate fraction was loaded onto a CM-Sepharose CL 6B column (3.5
x 20 cm) equilibrated with 20 mM sodium acetate buffer, pH 4.5,
debris was removed by centrifugation at 20§@0r 30 min. containing 0.1% Triton X-100. The column was run &Ctand a flow

. L . . . rate of 50 mL h'. After elution of the unbound inactive (phytate

Protein Determination. Total protein concentration was determined . ) . . . .

degradation) protein from the column with equilibration buffer, a linear

2;?3;?'2%;%:;6&?2;?&22&6 G-250 dye-binding assay using boVmegradient of 6-0.5 M sodium chloride (1000 mL) in 20 mM sodium

o . ) acetate buffer, pH 4.5, containing 0.1% Triton X-100 was applied. Two
Assay of_Phytase Activity.Enzyme extracts were d_lalyzed_agalnst peaks of phytase activity, called LP1 and LP2, were separated. Both
20 mM sodium acetate buffer, pH 5.0. The enzymatic reactions were g,vme preparations were further investigated separately. The fractions
started by adding 50L of enzyme to the assay mixtures. The assay (10 'mL) containing phytase activity were pooled and dialyzed against
mixture consisted of 350L of 0.1 M sodium acetate buffer, pH 5.0, 545 M Tris-HCI buffer pH 8.0, containing 0.1% Triton X-100.
containing 250 nmol of sodium phytate and 409 of bovine serum DEAE-Sepharose CL 6B Chromatograpfifie pooled fractions from

albumin. Afterdinbcuba'gion ?: 35C for 3.0 min, treblcijberatedtggospﬂate the CM-Sepharose CL 6B column were loaded onto a DEAE-Sepharose
was measured by using the ammonium molybdate metBawiit CL 6B column (4x 15 cm) equilibrated with 20 mM Tris-HCI buffer,

some modifications. Added to the assay mixture were 1.5 mL of a pH 8.0, containing 0.1% Triton X-100. The column was run &C4
freslhgj prep;rle_(:jl s/olutlog ff aceftine/a N3@/10 dmAM angn'um and a flow rate of 50 mL t. After elution of the unbound protein
molybdate (2:1:1 viv) an Qﬂ‘ ot -0 M citric acid. Any cloudiness from the column with equilibration buffer, a linear gradient from 0 to
was removed by centrifugation prior to measurement of the absorbance0 5 M NaCl (1000 mL) in 20 mM Tris-HCI buffer, pH 8.0, containing

at 355 nm. To calculate the enzyme activity, a calibration curve was 0.1% Triton X-100 was applied. LP1 could be separated into LP11

prodlfed over the_range 0500 nmol of phosphate (= 8'_7 crrf (unbound) and LP12 (bound). Both enzyme preparations were further
umol™). Activity (units) was expressed agdnol of phosphate fiberated o qtigated separately. The fractions (10 mL) containing phytase
per minute. Blanks were run by adding the ammonium molybdate activity were pooled.

solution prlor. to adding the enzyme t.o. the assay mixture. . 16/60 Sephacryl S-200 HR Chromatographie pools containing

To determine the substrate selectivity of the phytases from lupine phytase activity from the previous step were loaded onto a 16/60
seeds, several phosphorylated compounds in addition to phytate weresephacryl S-200 HR column equilibrated with 50 mM sodium acetate
utilized for Ky and vmax estimation by using the standard assay for buffer, pH 5.0, containing 0.2 M NaCl and 0.1% Triton X-100 in 2
phytase activity and the phosphorylated compound in a serial dilution ., portions. The FPLC column was run with the same buffer at 25
of a concentrated stock solution (10 mM). °C and a flow rate of 1 mL mirt. The fractions (2 mL) containing

To study the pH optimum and pH stability of the purified enzymes, phytase activity were pooled and dialyzed against 20 mM sodium
the following buffers were used in the above-described standard acetate buffer, pH 5.0, containing 0.1% Triton X-100.

Enzyme Extraction. Freeze-dried lupine seeds were milled to a fine
powder. Soluble compounds were extracted with a 6-fold amount (w/
v) of 50 mM sodium acetate buffer, pH 5.0, containing 0.1 M
phenylmethanesulfonyl fluoride by shaking & h at 4°C. The cell

assay: pH 1.63.5, 0.1 M glycine-HCI; pH 3.5-6.0, 0.1 M sodium Affinity ChromatographyThe pools from the previous step were

acetate-HCI; pH 6.0-7.0, 0.1 M Tris-acidic acid; pH 7.6-9.0, 0.1 applied onto an affinity column (0.5 5 cm) [affinity resin: 10-3-

M Tris-HCI, pH 9.0-10.0, 0.1 M glycine-NaOH. aminopropyl-1-phosphmyoinositol 3,4,5-trisphosphate coupled to
Effect of Cations and Potential Inhibitors on Enzyme Activity. Affi-Gel 10 (Bio-Rad), kindly provided by Dr. Gyrgy Dorman, State

The effect of cations and potential inhibitors on enzyme activity was University of New York], equilibrated with 20 mM sodium acetate
investigated by preincubating the compounds with the purified enzymes buffer, pH 5.0, containing 0.1% Triton X-100. The column was run at
for 15 min at 35°C before the standard assay for phytase activity was 4 °C and a flow rate of 20 mL . After elution of the unbound protein
performed. The following cations and potential inhibitors were used from the column with equilibration buffer, a linear gradient ef@5

in concentrations of 0.1, 0.2, 0.5, 0.8, and 1.0 mM: 2Mg&*, Mn?*, M sodium chloride (200 mL) in 20 mM sodium acetate buffer, pH
Co*', Fett, Fet, CliP*, Zr', o-phenanthroline, EDTA, oxalate, citrate, 5.0, containing 0.1% Triton X-100 was applied. The fractions (2 mL)
tartrate, cyanide, azide, 2-mercaptoethanol, iodoacetate, phenylmethanezontaining phytase activity were pooled and dialyzed against 20 mM
sulfonyl fluoride, phosphate, molybdate, wolframate, and vanadate. sodium acetate buffer, pH 5.0, containing 0.1% Triton X-100.
Fluoride was used in the following concentrations: 0.02, 0.04, 0.06,  Gel Electrophoresis.Native gel electrophoresis was carried out with

0.08, 0.1, 0.2, 0.4, 0.5, 0.6, 0.8, and 1.0 mM. 5% gels at pH 4.833). Enzymatic staining of the protein was performed
Effect of Temperature on Enzyme Activity. The temperature with 1-naphthyl phosphate coupled with Fast Blue B in 0.1 M sodium
profile of the purified enzymes was conducted from 10 t6¢@8Qusing acetate buffer, pH 5.0, in the darg4). SDS electrophoresis using 10%

the standard assay for phytase activity at the given temperature. Togels was performed according to the method of LaemB8).(Gels
check thermal stability, the purified enzymes were incubated at different were stained by Coomassie brilliant blue R-250.

temperatures, cooled to°€, and assayed using the standard assay for ~ Gel Filtration. To assess the molecular mass of the native phytases,
phytase activity. the purified proteins were gel-filtered on 16/60 Sephacryl S-200 HR
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Table 1. Phytase Activity during Germination of Lupine Seeds? geI_eIeCtrophoresisF{gure 2}- The molecular masses of the
- - native enzyme were determined to be-5@..5 kDa (LP11 and
o phytase activity o phytase activity LP12) and 65+ 2 kDa (LP2) on a calibrated 16/60 Sephacryl
germination (units g™* of germination (units g™* of S-200 HR column with elution position being measured by
fime (days) dry matter) fime (days) dry matter) determination of enzyme activity (data not shown). Conse-
0 0.017+£0.004 6 0.086 +0.005 quently, the phytases are monomeric proteins.
1 0.020 + 0.003 7 0.082 +0.004 C tic P " H Onti d b4 StabilinAl
5 0.025 % 0,003 8 0.077 % 0.005 nzymatic Properties. pH Optimum and p abilityA
3 0.041 + 0.004 9 0.075 + 0.003 of the phytases purified from lupine seeds have a single pH
4 0.097 + 0.002 10 0.070 +0.003 optimum at pH 5.0. A rapid decline of the enzyme activity was
5 0.089 £0.004 observed on both sides of the pH optimum. The enzymes are
virtually inactive below pH 3.0 and above pH 8.0 (data not
@ Temperature, 35 °C; buffer, 0.1 M sodium acetate, pH 5.0. The data are shown).

mean values + standard deviation of three independent experiments. -
P P The purified enzymes were stable over pH-3755, whereas

below pH 3.0 and above pH 7.5 activities declined rapidly. Over
90% residual activity was measured within 10 days at pH 5.0
and 4°C. At pH 2.5 the enzymes lost about 63% (LP11), 82%

equilibrated with 50 mM sodium acetate buffer, pH 5.0, containing
0.2 M NaCl. The column was calibrated with glucose-6-phosphate
dehydrogenaseM; 120000), creatine kinas&l( 81000), bovine serum

albumin (M, 68000),-lactoglobulin (M, 40000), and myoglobinM, (LP12), and 71% (LP2) of their initial activities during 24 h,

17000). whereas at pH 8.0 the enzymes were found to retain about 52%
(LP11), 38% (LP12), and 44% (LP2) of their initial activities.

RESULTS Temperature Optimum and Thermal Stabilithe tempera-

ture optimum of all three phytases was found to b G0The
Arrhenius activation energies for the hydrolysis of sodium
phytate were calculated to be 20.3 kJ mo{LP11), 25.1 kJ
mol~1 (LP12), and 32.4 kJ mol (LP11). The enzymes did not
significantly lose activity during 90 min at temperatures up to
45 °C. When exposed for 90 min at 5C, they retained over

Germination of Lupine Seeds.Only a very low phytase
activity was detected in dry lupine seeds (0.G21.004 units
g! of grain). During germination, maximum activity was
reached after 4 days; a 5.7-fold increase in phytase activity was
observed (0.097+ 0.002 units g of grain) (Table 1).
Therefore, lupine seeds germinated for 4 days were used A gy, and ar 60C 21% (LP11), 8% (LP12), and 16% (LP2) of
Purification of the Phytases.A summary of the purification their initial act|V|t|e§. o )
scheme is given iTable 2. Three phytases (LP11, LP12, and Substrate Sele(zmty_ a}nd Kinetic Parametersto det(_ermme
LP2) were purified from germinated lupine seeds using am- the substrate selectivity of the phy_tases_f_rom lupine seeds,
monium sulfate precipitation, ion-exchange chromatography, gel Several phosphorylated compounds in addition to phytate were
filtration, and affinity chromatography. The addition of 0.1% utilized for Ky andqmaxestlmatlon by dgtect|ng the appearance
Triton X-100 helped stabilize phytase activity during CM- of the phosphate ion during hydroly_S|s usm_g_formatlon of a
Sepharose CL 6B chromatography and subsequent steps. Théo_luble phosphomolybdate compl_ex in an acidic watgr/aqetone
phytase activity was completely bound to the cationic-exchange Mixture. The results are summarizedTable 3. The kinetic
resin and eluted as two well-separated activity peaks (LP1 at parameters for the hydrolysis of sodium phytate were determined
0.3 M NaCl and LP2 at 0.5 M NaCl) from that column. LP1 0 Pe€Kyu = 80uM (LP11), 300uM (LP12), and 13Q«M (LP2)
was found to consist of two phytases during the subsequent@Ndkeat= 523 s'* (LP11), 589 s* (LP12), and 533'S" (LP2)
anion-exchange chromatography. LP12 and LP2 were retained®t PH 5.0 and 33C. Itis evident that in terms of the kinetic
on this column and could be eluted by increasing the ionic Parameters, the highly negative charged phosphorylated com-
strength of the buffer, whereas LP11 was found to be in the Pounds, pyrophosphate and ATP, are hydrolyzed much more
unbound fraction. Rechromatography of LP11 under identical Quickly than phytate by all purified enzymes. A comparison of
conditions did not result in binding of this phytase to the anion- the enzymatic hydrolysis of the-adenosine phosphates ATP,
exchange resin, indicating that LP11 and LP12 are different ADP, and AMP is interesting in thats decreases antly
enzymes. The final chromatography of the three fractions increases with de_creasmg negative charge (decreasmg number
containing phytase activity on a affinity resifigure 1) gave of phosphate res!dues). ADP and.phytate are fair substrates of
the highest purification in a single purification step and resulted 2ll Phytases studied, whereas pyridoxal phospla#ospho-
in homogeneous enzyme preparations. L-serine, 2-naphthyl phosphate, and 2-g|yce_rophosphate seem
The phytases were purified about 14200-fold (LP11), 16000- to be poor substrates. Sugar phosphates in general are fair
fold (LP12), and 13100-fold (LP2) with recoveries of 13% sub§trates of the phytase LP12 only, whereas GTP seems to be
(LP11), 8% (LP12), and 9% (LP2) referred to the phytase @ fair substrate of LP11 and LP12.
activity in the crude extract. The purified enzymes exhibit ~ Like other phytases, the phytases of lupine seeds showed a
activities of about 539 units mg (LP11), 607 units mgt substrate inhibition. The activity of the purified enzymes was
(LP12), and 498 units mg (LP2). inhibited at phytate concentratiorrs8 mmol L™ (data not
Molecular Properties. Molecular mass and homogeneity of shown). Silva and Trugo reported an inhibition of a partly
the enzyme preparations were estimated by PAGE and gelpurified lupine phytase by phytate levet®.33 mmol L (29).
filtration. Polyacrylamide gel electrophoresis under denaturing  Enzymatic Hydrolysis of Phytat&o examine the action of
(Figure 2) and non-denaturing conditions (data not shown) the phytases of lupine seeds on sodium phytate, the hydrolysis
revealed only a single protein band after the gels had beenproducts were separated by ion-pair reverse phase chromatog-
stained with Coomassie blue. These results indicate that theraphy. All lupine phytases investigated exhibited a very similar
phytases were purified to apparent homogeneity. behavior. Therefore, only the results of the action of LP2 on
The apparent subunit molecular masses of the purified phytasephytate are given irrigure 3. All three enzymes hydrolyzed
enzymes were approximately 57 2 kDa (LP11 and LP12) phytate in a stepwise manner. The hydrolysis rate decreased
and 64+ 2.5 kDa (LP2) as estimated by SBfolyacrylamide markedly during degradation. This might be due to product
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Table 2. Purification Scheme of the Phytases of Lupine Seeds

J. Agric. Food Chem., Vol. 50, No. 23, 2002 6861

total protein total activity specific activity purification recovery
step (mg) (units) (units mg~1) (-fold) (%)
crude extract 573.0 21.57 0.038 1 100
(NH2),S0 precipitation 219.0 19.31 0.088 2 89
CM-Sepahrose CL 6B
LP1 4.9 10.85 221 58 50
LP2 17 4.93 2.90 76 23
DEAE-Sepharose CL 6B
LP11 0.31 4.96 16.0 421 23
LP12 0.18 3.17 176 474 15
LP2 0.20 3.45 17.3 447 16
16/60 Sephacryl S200 HR
LP11 0.061 3.37 55.2 1447 16
LP12 0.036 2.25 625 1658 10
LP2 0.048 247 515 1342 11
affinity chromatography
LP11 0.0054 291 539.0 14184 13
LP12 0.0030 1.82 607.0 15973 8
LP2 0.0041 2.04 498.0 13105 9
8 T %0 an activating effect when concentrations betweerf #d 103
M were used. Mg" and C&" had no significant effect, whereas
26 1 * Mn2*+ and C3* were slightly inhibitory. F&", Fé¢*, Cl2*, and
0o Zn?* showed strong inhibitory effects. The reduced phytase
2] H activity in the presence of Feand Fé* is attributed to a lower
. a0 3 phytate concentration because of the appearance of an iron
j 18 3 phytate precipitate.
"3 Inhibition Studies.Like many other phytases, the lupine
! H phytases studied are not metalloenzymes, because compounds

05

[ 88— 888 .I‘ - T T
o 20 40 G0 a0 100 120 140
fractions

Figure 1. Chromatography of the phytase active fraction (LP2) on an
affinity resin. The phytase active fractions from the gel filtration column
were chromatographed on an affinity column (0.5 x 5 c¢m) [1-O-(3-
aminopropyl-1-phospho)-myo-inositol 3,4,5-trisphosphate coupled to Affi-
Gel 10 (Bio-Rad)], collecting 2 mL fractions. Fractions were analyzed for
phytase activity (M): (—) optical density at 280 nm; (- - -) salt gradient.

1 2 3 a 5
— — " onELNa
4 —F 116 kDa. 974 kDa
- . ~ *  RRkDa
—
*  45kDa
¥  aRkDa
— —

20 kDa_ 24 kNa

201 kNa

b
l

’ 14 2 kDa

Figure 2. Electrophoretic analysis of purified lupine phytases. Coomassie
blue staining of purified lupine phytases on a 10% SDS-PAGE: (lane 1)
standard SDS-6; (lane 2) purified lupine phytase LP11 (30 ug of protein);
(lane 3) purified lupine phytase LP12 (30 «g of protein); (lane 4) purified
lupine phytase LP2 (30 ug of protein); (lane 5) standard SDS-7.

inhibition (phosphate, see below) or a lower hydrolysis rate of

the lower phosphate estersmofcinositol. Probably both factors

are responsible for the decrease in the hydrolysis rate.
Effect of Cations on Enzyme Agty. The study of the effect

that tend to chelate metal ions, suchogzhenanthroline, EDTA,
oxalate, citrate, or tartrate, were not observed to be inhibiting
at concentrations from 18 to 10-2 M. Moreover, cyanide and
azide did not show any effect. The absence of an effect of the
sulfhydryl inhibitors 2-mercaptoethanol and iodoacetate points
to a missing participation of sulfhydryl groups in the active site

of the enzymes. The enzymes are also insensitive to the presence
of the serine-specific reagent phenylmethanesulfonyl fluoride.
The strongest inhibitors were found in fluoride, phosphate,
molybdate, wolframate, and vanadate.

DISCUSSION

It was shown that phytases exist in multiple chromatographic
forms in germinated lupine seeds. Multiple forms of phytases
have already been identified in other plant species, such as barley
(21), wheat @3, 36, 37), spelt €2), maize B8, 39), rice (40),
soybean 41), rapeseed4?), pumpkin @3), and lily (44).

The phytase from lupine seeds appeared to be homogeneous
by polyacrylamide gel electrophoresis under non-denaturing
conditions at pH 4.8 and gave a single band upon SDS gel
electrophoresis. Like the phytases from scallion lea28k faba
bean seed6), soybean seed&¥), rice bran 40), mung bean
seeds?7), spelt 2), rye (19), oat Q0), barley 1), and wheat
bran @3), the corresponding enzymes from lupine seeds are
single-chain proteins. Their molecular masses (LP11, 57 kDa,;
LP12,57 kDa; LP2, 64 kDa) are lower than those from phytases
purified from other plant sources, that is, 160 kDa for mung
bean seeds2{); 72 kDa for scallion leaves2@); 68 kDa for
rice bran 40), rye (19), spelt 2), and oat 20); 66 kDa for
barley 1) and faba bean seed26@]; and 76 kDa for maize
seedling (dimer)Z4). Silva and Trugo identified two phytases
in lupine seeds29). Lupine phytase Fwas identified as a
single-chain protein with a molecular mass of 26 kDa, whereas
it was impossible to determine the molecular mass of lupine

of metal ions on enzyme activity reveals that none of them had phytase kdue to the limiting amount obtained during purifica-
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Table 3. Kinetic Constants for the Hydrolysis of Phosphorylated Compounds by Lupine Phytases LP11, LP12, and LP2 at pH 5

lupine phytase LP11 lupine phytase LP12 lupine phytase LP2
KeaKn KeaKn Keat/Kn
substrate K (M) keat(1073s7h)  (s7IM7Y K (M) Keat (107387 (s7IM7Y K (M) Keat (107387 (s7IM7Y

phytate 80+5 523+21 6538 300+ 17 589 + 26 1963 130+ 7 533+ 18 4100
p-nitrophenyl phosphate 152 +7 431+ 34 2835 123+9 319+18 2593 176 + 10 254+ 11 1443
1-naphthyl phosphate 512+21 161 +12 314 718 +56 67+ 10 93 492 £ 37 112+6 228
2-naphthyl phosphate 653 + 37 97+ 11 149 634 + 34 49+7 77 516 + 26 49+2 95
2-glycerophosphate 667 + 43 51+4 76 881+ 75 84+9 95 704 + 67 67+3 95
NazH,-pyrophosphate 445 + 29 1824 + 93 4098 691 + 31 2312+ 126 3342 812 +51 1686 + 32 2076
AMP 365+ 21 91+10 249 315+ 19 136 + 15 432 319+ 32 31+2 97
ADP 403+ 19 367 +23 911 398+ 12 789 + 63 1982 451 +39 435+ 14 965
ATP 531+ 36 1512+ 76 2847 41221 1819+ 91 4415 596 + 42 1207 £ 27 2025
GTP 398 + 27 313+ 34 786 42315 612 +44 1447 217+12 24 %2 111
fructose 1,6-diphosphate 229 + 14 114 + 17 498 731+ 36 467 + 37 639 359+21 498 21 1387
fructose 6-phosphate 478 +33 99+7 207 676 + 38 312+21 462 531+23 11+1 21
glucose 6-phosphate 401 + 36 217+19 541 634 + 46 398 + 36 628 302+20 52+3 172
pyridoxal phosphate 776 +59 56 £3 72 876 + 56 32+5 36 915+ 72 171 19
0-phospho-L-serine 891+ 71 19+1 21 740 + 49 21+2 28 811+ 69 10+1 12

a Temperature, 35 °C; buffer, 0.1 M sodium acetate, pH 5.0; enzyme concentration, 50 milliunits mL~. Data are mean values + standard deviation of three independent
experiments.
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Figure 3. Time course of the action of lupine phytase LP2 on sodium phytate. Temperature, 35 °C; buffer, 0.1 M sodium acetate, pH 5.0; enzyme
concentration, 8.5 milliunits mL~1; substrate concentration, 0.625 mM. Enzymatic reaction products were separated by ion-pair chromatography. InsPg,
InsP3; myo-inositol hexakisphosphate to -trisphosphate.

tion. The difference in the observed molecular masses is notand 533 s! (LP2). This is in the same magnitude as the
easy to explain, but it has to be kept in mind that only a partly molecular activity for the phytase of scallion leaves (609 s
purified phytase preparation was characterized by Silva and (28).
Trugo 9). As reported for many other plant acid phytases, the purified
Optimal conditions (pH 5.0T = 50 °C) for the enzymatic lupine enzymes exhibit a broad substrate specificity and the
phytate degradation by the purified lupine phytases are identicalhIgheSt turnover r_1umbers are found with ATP and pyrophos-
. - phate and not with phytate. The natural substrate for these
to those reported by Silva and Trug@dj for a partly purified . : .
) L ) enzymes is not known, but their natural role is presumably
lupine phytase. Acidic pH and moderate temperature optimum

. ical for pl id oh | ¢ related to some aspects of seed germination. In nongerminated
are properties typical for plant acid phytases. Kyevalues o seeds, the bulk of total phosphate appears as phytate and phytase
the phytases from lupine seeds for phytate (LP114180! L~1;

T activity increases during germination. Therefore, some of these
LP12, 300umol L% LP2, 130umol L™*) are similar to those  enzymes might have a role in phosphate mobilization from
found for other phytases from plant sources, that isui®l phytate. Phytate degradation in vivo is not necessarily due to
L~ for barley 1), 117 umol L™ for maize @4), 148 umol the action of one single enzyme, but could be realized by the
L1 for faba beans26), 300 umol L~ for rye (19), and 130 concerted action of several phosphatases. Thus, the lupine
umol L1 for lupine phytase £(29). The turnover numbers of  phytases could conceivably be active in phytate breakdown in
phytate were determined to be 523 §.P11), 589 s (LP12), a cooperative role.



Phytase from Lupine Seeds

Like the phytases purified from faba bea®6), soybean
cotyledon 25), wheat bran Z3), rice bran 40), barley @1),
rye (19), spelt 2), and oat 20), the lupine phytases are not

metalloenzymes. The first metalloacid phytase has recently been

isolated from soybean4f). A violet color attributed to the
presence of binuclear Fe(IthMe(ll) centers where Me is Fe,
Mn, or Zn is characteristic for this enzyme. However, no violet

coloration is exhibited by the lupine seed phytases after the
extensive purification that was carried out in the present study.

Common with many other acid phytases purified from plant

sources, the phytases purified from lupine seed were inhibited

by C#+, Zrét, fluoride, phosphate, molybdate, wolframate, and

J. Agric. Food Chem., Vol. 50, No. 23, 2002 6863

(6) Cromwell, G. I.; Coffey, R. D.; Parker, G. R.; Monegue, H. J.;
Randolph, J. H. Efficacy of a recombinant-derived phytase in
improving the bioavailability of phosphorus in corn-soybean meal
diets for pigs.J. Anim. Sci.1995 71, 1831-1840.

(7) Simons, P.; Versteegh, H.; Jongbloed, A.; Kemme, P.; Slump,
P.; Bos, K.; Wolters, M.; Beudeker, R.; Verschoor, G. Improve-
ment of phosphorus availability by microbial phytase in broilers
and pigs.Br. J. Nutr.199Q 64, 525-540.

(8) Cheryan, M. Phytic acid interactions in food syste@RC Crit.
Rev. Food Sci. Nutr198Q 13 (4), 297-335.

(9) Sandberg, A.-S.; Rossander Hulthen, L.rkiuM. Dietary
Aspergillus nigemphytase increases iron absorption in humans.
J. Nutr. 1996 126, 476—-480.

vanadate, but depending on the plant source, their affinities to (10) Yi, Z.; Kornegay, E. T. Sites of phytase activity in the

fluoride and phosphate have been shown to differ.

Due to the physicochemical and enzymatic properties, it can
be concluded that legume phytases may be an alternative to
the corresponding enzymes of microorganisms and cereal seeds
for a biotechnological application to reduce phytate content
during food and feed processing. The endogenous phytase

activity in lupine seeds may find application especially for the
production of lupine protein with improved nutritional and

physiological qualities. Those protein preparations can be used
as a beneficial alternative to soybean protein in food applica-

tions.

In addition, certainmyacinositol phosphates have been
suggested to have beneficial health effed®).(The position
of the phosphate groups on theyainositol ring is thereby of
great significance for their physiological function. Depending

on the source of the phytase, different phosphate-containing

intermediates have been detect@8, (29, 47—52). Thus, the

elucidation of the complete hydrolysis pathway of phytate by
the phytase purified from lupine seeds, including the identifica-

tion of the absolute configuration of the individual phytate

gastrointestinal tract of young pigénim. Feed Sci. Technol.
1996 61, 261—368.

(11) Greiner, R.; Konietzny, U.; Jany, K. D. Purification and
characterization of two phytases frofscherichia coli. Arch.
Biochem. Biophys1993 203 (1), 107-113.

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

(13) Kerovuo, J.; Lauraeus, M.; Nurminen, P.; Kalkinnen, N.;
Apajalahti, J. Isolation, characterization, molecular gene cloning
and sequencing of a novel phytase fr&8acillus subtilis. Appl.
Environ. Microbiol. 1998 64, 2079-2085.

(14) Kim, Y.-O.; Kim, H.-K.; Bae, K.-S.; Yu, J.-H.; Oh, T.-K.
Purification and properties of a thermostable phytase from
Bacillus sp. DS11.Enzyme Microbial Technol1998 22,
2-7.

(15) Segueilha, L.; Lambrechts, C.; Boze, H.; Moulin, G.; Galzy P.
Purification and properties of the phytase fr@thwanniomyces
castelli. J. Ferment. Bioend.992 74, 7—11.

(16) Ullah, A. H. J.; Gibson, D. M. Extracellular phytase (E.C. 3.1.3.8)
from Aspergillus ficuum NRRL 313%urification and charac-
terization.Prepr. Biochem1987 17, 63—91.

degradation products, is currently under way. Because purifica- (17) Wyss, M.; Brugger, R.; Kronenberger, A.; Remy, R.; Fimbel,

tion of large amounts of the phytases from lupine seeds remains
a problem, cloning and overexpressing the corresponding genes
may provide the best approach to make sufficient enzyme
available for a biotechnological application and further studies.
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