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ABSTRACT: The enzyme phytase has broad biotechnological applications, especially in the reduction of phytate, antinutritional
factors that chelate essential minerals, in human and animal food. We investigated the enzymatic properties of β-propeller
phytase (BPP) from Bacillus amyloliquefaciens DS11. Thermal refolding analysis demonstrated that BPP can remarkably restore
its enzymatic activity in the presence of 5 mM Ca2+ to 87% of its original activity after heating to 100 °C and subsequent cooling,
indicating that the enzyme requires Ca2+ for appropriate refolding. Furthermore, pH-dependent kinetic studies showed that BPP
required excess Ca2+ for its enzymatic activity as the pH decreased, suggesting that the optimal Ca2+−phytate ratio for enzymatic
catalysis depends on the pH value of the environment. Finally, we verified the practical application of BPP at two different pH’s
using soybean meal as a natural source of phytate. As compared to a commercial phytase, BPP efficiently hydrolyzed food phytate
over neutral pH ranges.
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■ INTRODUCTION

Phytase (myo-inositol hexaphosphate phosphohydrolase) is the
primary enzyme responsible for the degradation of phytates, the
principal source of phosphorus in many plant tissues, especially
bran and seeds.1,2 This enzyme is of interest for biotechno-
logical applications, especially for the hydrolysis of phytate in
food and feedstuff, because phytate is a strong chelator of
cations and binds nutritionally important divalent-cations such
as Ca2+, Co2+, Cu2+, Mg2+, Mn2+, and Zn2+ into stable metal−
phytate complexes.3 Monogastric animals such as humans, fish,
poultry, and swine secrete insufficient quantities of enzymes
into their digestive tracts to fully hydrolyze phytate salts, and
instead eliminate the mineral−phytate complexes in their
feces.4−9 The loss of phytate salts contributes to the
antinutritional impact of phytate and may result in mineral
deficiencies in monogastric animals whose staple diet includes
foods with high phytate contents.10−12 More specifically, phytate
inhibits calcium absorption in animals, leading to diseases such as
rickets in dogs. Therefore, the bioavailability of minerals and
phosphorus in plant foods and animal feeds would be improved if
phytate were efficiently degraded.13,14

Phytases are a class of inositol-phosphate phosphatases that
are responsible for the hydrolysis of phytate. Specifically, the
β-propeller phytases (BPPs) are very useful in biotechnology
and nutritional applications because they have high thermal
stability, an optimal pH of approximately 7.0−8.0, and strict sub-
strate specificity for phytate.1,2 Most importantly, BPP requires
Ca2+ ions for both enzyme activation and substrate recognition.
Notably, these enzymes are also dependent on calcium ions for
thermal stability. They also hydrolyze insoluble Ca2+−phytate
salts and completely abrogate the ability of phytate to chelate
metal ions.15 Although BPP has been characterized relatively
well, the practical properties of BPP are not fully characterized
for its application in the food and animal feed industry. In this

study, we investigated the thermal refolding and pH-dependent
catalytic properties of BPP from soybean meal, a natural source
of phytate, and compared its catalytic properties to those of a
commercially available phytase, Natuphos.

■ MATERIALS AND METHODS
Protein Preparation and the Phytase Assay. Alkaline phytase

from Bacillus amyloliquefaciens DS11 was prepared according to our
previous reports.1,2 Cells were harvested after 4−5 h and lysed by
sonication in buffer containing 50 mM Tris-HCl (pH 7.6) and 5 mM
CaCl2. The BPP was purified using Ni-NTA (Qiagen, Valencia, CA)
resins packed in a Poly-Prep chromatography column (Bio-Rad,
Hercules, CA). Phytase activity was assayed by measuring the rate of
increase in inorganic orthophosphate (Pi) using molybdovanadate as a
coloring reagent.16 The experiments were conducted in 100 mM Tris-
HCl (pH 7.0) under conditions in which the sodium inositol
hexakisphosphate (phytate) concentration (0.01−5.0 mM) and the
Ca2+ concentration (0−9.0 mM) varied. Sodium phytate (P-3168 from
rice, ≥95% phosphorus basis) and calcium chloride dehydrate
(C-7902, 99%) were purchased from Sigma-Aldrich Co. (St. Louis, MO).
To measure activation by Ca2+ ions, a Chelex 100 resin (Na form;
200−400 mesh; Bio-Rad) was added to each solution and stirred for
60 min to remove contaminating Ca2+ ions. After filtration, the pH of
the solution was checked and readjusted, if necessary, with 0.1 N HCl
or 0.1 N NaOH. One unit (U) of phytase activity was defined as the
amount of enzyme required to liberate 1 μmol of phosphate per min
under assay conditions.17

Site-Directed Mutagenesis. Mutations D56A, D56E, D56L,
D308A, and D308E were performed using the megaprimer
method,18 where D denotes aspartic acid, and A, E, and L denote
alanine, leucine, and glutamic acid. The primers used are listed in
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Table 1. All mutations were confirmed by dideoxy chain-termination
sequencing using an ABI PRISM 3700 DNA analyzer (Applied
Biosystems, Foster City, CA).
Differential Scanning Calorimetry. The melting temperature

(Tm) of each enzyme was determined using differential scanning
calorimetry (DSC, Seiko Co., Chiba, Japan).19−21 All samples were
scanned at a protein concentration of 50 mg/mL. The temperature
scanning speed was 1 °C/min. The peak temperature at which the first
derivative of each transition curve was zero was regarded as the
apparent melting temperature. The curve analysis was performed using
the software Disk Material Analysis System Version 3.4, which was
supplied with the instrument. The reversibility of denaturation of the
enzyme was probed by temperature rescanning after cooling the
samples to 25 °C at a rate of 5 °C/min.

Determination of Protein Concentration. The protein
concentration was determined by the Bradford method using bovine
serum albumin as standard.22 The purity of BPP was determined
using 10% sodium dodecyl sulfate polyacrylamide gel electrophoresis
(SDS-PAGE).

Kinetic Analysis. Initial velocities at fixed levels of activator and in
the absence of inhibitors were fitted using the Michaelis−Menten
equation. When Ca2+ was varied at a fixed concentration of substrate,
data were analyzed using the Hill equation:

= +v VA K A/( )h h h
a (1)

= + +v VA K A K A/( (1 / ) )h h h
a i (2)

where V is the maximal velocity, A is the concentration of metal ion,
h is the Hill coefficient, and Ka is the concentration of metal ion at half-
maximal velocity. If necessary, a term was included in eq 2 to account
for inhibition at a higher concentration of Ca2+ ions.

When the Ca2+ inhibition was determined, the concentration of
metal ions was varied at saturating levels of substrate (1.8 mM), where
Ki is the inhibition constant of the uncompetitive inhibitor, and I is the
concentration of the competitive inhibitor. The pKi profiles for Ca

2+

were fitted to eq 3, because the pH profiles are constant above a single
pK, but decrease with a +1 unit slope below the pK.

= * − +K K I Kp p log(1 / )i i i (3)

When the log V profile was bell-shaped with a slope of +1 at the acidic
side and −1 at the basic side, the data were fitted to eq 4.

Table 1. Oligonucleotides Used To Generate Phytase
Mutantsa

name oligonucleotide sequence

D55A 5′-GATGCA GCTGATGCGCCTGCGATTTGGCT-3′
D56E 5′-GATGCAGCTGATGAACCTGCGATTTGGCT-3′
D56L 5′-CCGGTGATGCAGCAGATCTTCCTGCGATTTTGGC-3′
D308A 5′-GACGGGCCTGAACAGCCGGCACAAGCGATACA-3′
D308E 5′-GGGCCTGAAACAGAGGGCACAAGCGATACA-3′
N-term 5′-GAACATATGTCTGATCCTTATCATTTT-3′
C-term 5′-GAAAGCTTATTTTCCGCTTCTGTCGG-3′

aThe mutation sites are underlined.

Figure 1. The effect of changing temperature on the fluorescence emission of BPP. Emission spectra (300−450 nm) were analyzed while raising and
lowering the temperature between 4 and 100 °C with a heating or cooling rate of 1 °C/min using an excitation wavelength of 285 nm. The
maximum fluorescence emission at 333 nm decreased slightly at a constant rate up to 70 °C in the presence of 5 mM CaCl2. Above 70 °C, it started
to unfold with a Tm of 78 °C (indicated with an arrow).
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= * − + +V V H K K Hlog log log((1 / / ))1 2 (4)

When the log V/K profile exhibited a slope of +1 at the acidic side and
−1 at the basic side, the data were fitted to eq 5.

= * − + +V K V K H K K Hlog / log( / ) log(1 / / )2 1 (5)

In eqs 3−5, the pKi, log V*, and log (V/K)* were the pH-independent
values of the parameters, and K1 and K2 were the apparent dissociation
constants for the enzyme functional group. In all cases, the best fit to
the data was chosen on the basis of the standard error of the fitted
parameter. Curve fitting was carried out using the programs SigmaPlot
7.0 (SPSS Inc., Chicago, IL), Origin 5.0 (OriginLab, Northampton,
MA), and ENZFITTER (Biosoft, UK). The enzymatic reaction was
performed with Ca2+ ions at various concentrations.23 Kinetic parameters
such as Vmax, Km, and Ki were evaluated using the nonlinear regression
method based on a previously described inhibition equation.24

pH Studies. To avoid changing the composition of the buffer and
ionic strength of the reaction mixture at various pH’s, the buffer
systems for pH profiles consisted of sodium acetate at pH 3.6−5.5,
Bis-Tris (pH 5.5−7.0), Tris (pH 7.0−8.5), and Ches (pH 8.5−10.3).
Overlaps were used in all cases, and checks were made to ensure that
buffers did not interact with metal ions. The ionic strength of the
mixture was 100 mM. The stability of phytase was tested under various

assay conditions by varying Ca2+ over a concentration range that
covered both the activation and ithe nhibition phases, and fitting the
data using eq 1 or 2. The Km was subsequently determined by varying
the substrate levels at the concentration of Ca2+ that gave the maximal
rate at each pH.

Enzymatic Hydrolysis of Defatted Soybean Meal. Defatted
soybean meal was purchased from Parent Seed Farms (Canada).
Phytate hydrolysis was performed with 30% (w/v) defatted soybean
meal in a pH stat chamber (718 Stat Titrino, Metrohm, Switzerland)
to maintain the reaction constant at 50 mM sodium acetate buffer pH
5.5 or 50 mM Tris HCl pH 7.0 at 37 °C, because high amounts of
released phosphate from phytate hydrolysis decrease the reaction pH.
Both BPP and commercial phytase (Natuphos, BASF, Ludwigshafen,
Germany) were added at concentrations of 500, 5000, and 50 000 U/kg
soybean meal, respectively. The phytase units used for these studies
were determined at the pH optimum of each enzyme. The enzymatic
reaction was stopped at specific time points, and inorganic
orthophosphate (Pi) was measured as described previously.

Fluorescence Measurements. Fluorescence spectra were meas-
ured using a Shimadzu RF5301-PC equipped with a temperature
controller (Yokokawa, Japan). Protein samples (100 μg/mL) were
prepared in 20 mM Tris/HCl buffer (pH 7.0) containing 5 mM CaCl2.
The emission spectra (300−450 nm) were performed by raising the
temperature from 4 to 100 °C at a rate of 1 °C/min using an
excitation wavelength of 285 nm. The reversibility of denaturated
enzyme was probed by cooling the samples from 100 to 4 °C at a
rate of 1 °C/min.

■ RESULTS AND DISCUSSION
Thermal Unfolding and Refolding of BPP. The thermal

stability of enzymes is important for the food industry and for
animal feedstuff processing.17,25−27 To investigate the structural
properties and conformational changes of BPP by heating and
subsequent cooling, thermal denaturation of BPP by heating
was analyzed by tryptophan fluorescence. The results of a BPP
typical tryptophan fluorescence emission experiment in the
presence of 5 mM CaCl2 are shown in Figure 1. The fluo-
rescence emission intensity slightly decreased by heating to
70 °C, while a drastic transition in fluorescence emission in-
tensity was observed in the temperature range from 70 to 90 °C
with a Tm of 79 °C. The dramatic transition of fluorescence
emission indicated that BPP started to unfold at 70 °C and
rapidly lost its catalytic activity. In contrast, thermal refolding
experiments were performed by decreasing the temperature
from 100 to 4 °C at a rate of 1 °C/min. As shown in Figure 1C,
the fluorescence emission intensity of BPP increased as the
temperature decreased. Surprisingly, about 87% of the original
activity of BPP was restored. The fluorescence emission intensity
rapidly increased by cooling the temperature below 50 °C
and BPP quickly recovered its catalytic activity (Figure 1D).

Table 2. Kinetic Parameters for High-Affinity Ca2+ Binding
of Wild-type and Mutant Phytases

enzymes kcat (min
−1) Km (mM)

kcat/Km
(min−1/mM−1)

relative
activity (%)

wild-type 992.8 ± 5.20 0.138 ± 0.022 7194.49 100.00
D56A 4.0 ± 0.02 0.248 ± 0.032 16.12 0.40
D56E 200.4 ± 0.84 0.189 ± 0.043 26.53 20.21
D56L 6.0 ± 0.08 0.218 ± 0.084 1060.32 0.59
D308A 500.0 ± 2.84 0.167 ± 0.052 2994.01 50.38
D308E 933.2 ± 1.14 0.156 ± 0.032 5982.05 94.04

Table 3. Tm Values and Optimal Temperature of BBP and
BBP Mutant Enzymes

Tm (°C)

enzymes EDTA 5 mM CaCl2 optimum temperature (°C)

wild-type 48.8 80.1 80
D56A NDa 48.8 ND
D56E ND 55.5 60
D56L ND 49.6 50
D308A ND 48.6 50
D308E ND 54.8 55

aND: not detected.

Table 4. pH Dependence of the Kinetic Parameters of Phytase

pH kcat (μmol/min
−1) Km (μM) Ka (mM) Ca2+opt/phytate (mM) Ki Ca

2+ (mM)

4 13.1 ± 1.43 0.159 ± 0.02 13.68 ± 0.89 35.0 738.0 ± 9.86
4.5 16.6 ± 0.34 0.154 ± 0.01 3.66 ± 0.40 15.0 197.2 ± 2.40
5 21.0 ± 0.44 0.151 ± 0.03 0.81 ± 0.01 3.0 43.6 ± 3.63
5.5 22.6 ± 0.21 0.148 ± 0.03 0.44 ± 0.03 2.0 23.7 ± 3.26
6 24.0 ± 0.22 0.146 ± 0.01 0.33 ± 0.05 2.0 17.6 ± 1.26
6.5 24.3 ± 0.36 0.137 ± 0.01 0.30 ± 0.01 2.0 11.1 ± 1.13
7 25.0 ± 0.28 0.134 ± 0.02 0.14 ± 0.01 1.0 7.4 ± 0.68
7.5 25.0 ± 0.26 0.136 ± 0.01 0.17 ± 0.03 1.0 6.9 ± 0.55
8 22.5 ± 0.17 0.143 ± 0.02 0.19 ± 0.01 1.0 5.2 ± 0.45
8.5 19.4 ± 0.25 0.157 ± 0.02 0.25 ± 0.04 1.0 4.6 ± 0.65
9 16.1 ± 0.22 0.163 ± 0.03 0.50 ± 0.03 2.0 4.5 ± 0.52
9.5 12.1 ± 1.24 0.174 ± 0.02 0.83 ± 0.05 2.0 4.5 ± 0.72
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Furthermore, the thermal refolding properties of BPP are highly
attractive for food processing because cereal or animal feed is
commonly sterilized to control microbial growth.28

To determine the roles of critical amino acids in Ca2+ binding,
we substituted the aspartic acid residues Asp56 and Asp308
with alanine (A), leucine (L), or glutamic acid (E) by site-
specific mutagenesis based on structural information.19 These
mutants were purified to homogeneity, and their kinetic
parameters were determined. Table 2 summarizes the kinetic
parameters obtained from the wild-type and mutant phytase.
The mutations resulted in decreased catalytic activity: mutation
of D56A and D56L resulted in a total reduction in activity,
indicating that residue asp56 is critical, while mutation of
D308A and D308E retained 50% and 94% of the wild-type
activity, respectively. In addition, the enzyme activity was
measured at various temperatures ranging from 20 to 100 °C in
100 mM Tris/HCl (pH 7.0) in an oil bath. Typically, the
mutant enzymes exhibited reduced optimal temperatures where
mutations were introduced at the high-affinity Ca2+ binding site
(Table 3). The optimal temperature of D56A, D56L, and
D308A mutant enzymes decreased by 30 °C as compared to
the wild-type enzyme, while the D56E and D308E mutant
enzymes had an optimal temperature of 60 and 55 °C, respec-
tively. The Tm value of each mutant in the presence of 5 mM
CaCl2 was also determined by DSC. As compared to wild-type
BPP, D56E and D308A had about a 25 °C decrease in Tm
values, whereas the Tm values of D56A, D56L, and D308A were
decreased by 30.5−31.5 °C (Table 3). The thermostability of
each mutant enzyme, as measured by DSC, agreed with that
obtained by the optimal assay temperature analysis, suggesting
that physical unfolding was the cause of both the reduced
catalytic activity and the decreased optimal temperature. These
results, in conjunction with the thermal stability data, clearly
indicate that binding of Ca2+ increases the thermal stability of
BPP as well as the enzymatic activity of the propeller structure.
pH Dependence of the Kinetic Parameters of Phytases.

In addition to the enzymatic activity and thermal stability of
BPP, our previous study using isothermal titration calorimetry
(ITC) indicated that phytate binds Ca2+ ion in a pH range of
3.0−9.0 and that maximal high-affinity Ca2+ binding is observed
at pH 4.0.15 Furthermore, all phytates exist as monocalcium−
phytate or tricalcium−phytate in the presence of Ca2+ ions.15

Thus, phytate forms Ca2+−phytate complexes easily in food
or animal feedstuffs. To investigate the effects of Ca2+ concen-
tration on BPP activity over the entire pH range, we performed
pH-dependent kinetic studies of BPP with varying Ca2+ levels
and fixed amounts of phytate. We determined the concentration
of Ca2+ optimal for phytate activity at different pH’s. The pH
dependence of log V, log V/K, Ca2+ inhibition constant, and
optimum Ca2+/phytate ratio for phytase activity are summar-
ized in Table 4. The data for log V fit well to a bell-shaped
curve with slopes of +1 and −1 on the acidic and basic sides,
respectively, using eq 4. This indicates that log V depends on
two ionizing groups with pKa values of ∼3.94 and ∼9.47
(Figure 2A). Data for the pH dependence of log V/K fit best
using eq 5 to a bell-shaped curve with slopes of +2 and −1 on
the acidic and basic sides, respectively, indicating dependence
on three ionizing groups with pKa values of ∼3.84, ∼4.74, and
∼9.54 (Figure 2B). The pH profile of pKi for Ca

2+ was a half-
bell with a limiting slope of +1 on the acidic side (Figure 2C).
The data fit to eq 3 to yield a pKa value of ∼4.93. The pH
profiles of pKi for Ca

2+, a competitive inhibitor, showed that a
single residue with a pKa value of 4.93 might be ionized in the

presence of excess Ca2+ or Ca2+−phytate. The concentration of
Ca2+ required to reach the half-maximal activation increased
from 0.138 mM at pH 7.0 to 13.68 mM at pH 3.6, probably due
to protonation of the phosphate groups of phytate or Ca2+

binding residues of the enzyme. Hill constants remained un-
changed over the entire pH range. From these pH-dependent
kinetics, the pH profiles of the catalytic activity of BPP showed

Figure 2. The pH dependence of kinetic parameters and Ca2+

inhibition constants. Initial velocity was measured at 37 °C as
described in the Materials and Methods. V was determined in the
presence of 1.8 mM phytate by varying Ca2+ over the concentration
range that covered both activation and inhibition phases, and fitting
the data using eq 1 or 2. Km was subsequently determined by varying
the substrate at the concentration of Ca2+ giving the maximal rate
obtained with 1.8 mM sodium phytate at each pH. The pKi equals log
1/KI; Ki is denoted as moles per liter.
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that this enzyme is highly active at a pH range of 5.0−8.0
(Figure 2A). Furthermore, excess Ca2+ was required at pH
values less than 5.0, indicating that the optimal Ca2+−phytate
ratio for enzymatic activity increased as pH decreased
(Figure 3). These results indicate that free phytate is not a

substrate for BPP, and that the true substrate is Ca2+−phytate.2
Taken together, these results suggest that BPP is capable of
hydrolyzing Ca2+−phytate in phytate-rich foods containing
Ca2+, even at acidic pH’s.
Time Course Analysis for Natural Phytate Utilization.

The results thus far presented demonstrate that BPP requires
Ca2+ ions for its thermal stability and catalytic activity over
broad pH ranges. To address whether BPP is capable of
hydrolyzing phytate-rich foods where most phytate is present as
a Ca2+−phytate complex, we performed enzymatic hydrolysis at
two different pH’s using soybean meal, and compared the cata-
lytic activities of BPP and Natuphos. As shown in Figure 4A,
both BPP and Natuphos liberated similar amounts of phos-
phate from soybean meal in an enzyme dose-dependent manner.
However, although BPP showed highly dose-dependent
enzyme activity, under identical conditions Natuphos did not
liberate additional phosphate even with more enzyme present.
These results indicate that the catalytic activity of Natuphos
decreased due to the presence of either excess hydrolytic
products, inorganic phosphate, or excess minerals at neutral pH
where most phytate in foods exists as Ca2+−phytate.17 This agrees
with previous results that Natuphos rarely hydrolyzes food phytate
at neutral pH.1,2,29 However, in the gastrointestinal tract,
Natuphos hydrolyzes food phytate more efficiently than in vitro
food processing. In contrast, we did not find that BPP was
inhibited by inorganic phosphate. At neutral conditions of pH
7.0, BPP hydrolyzed soybean meal more efficiently than
Natuphos, indicating that BPP hydrolyzes Ca2+−phytate salts
in soybean meal (Figure 4B).30−32 The results suggest that BPP
is a strong candidate for phytate reduction in the food and
animal feed industry such as soybean milk processing and
starch hydrolysis.33,34 In conclusion, BPP showed high thermal

stability and catalytic activity over neutral pH ranges. Most
importantly, BPP is suitable for hydrolyzing food phytate and
eventually increases the Ca2+ availability of food.
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