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ABSTRACT: Inositol phosphates are recognized as having diverse and critical roles in biological systems.
In this report, kinetic studies and TLC analysis indicate thatâ-propeller phytase is a special class of
inositol phosphatase that preferentially recognizes a bidentate (P-Ca2+-P) formed between Ca2+ and two
adjacent phosphate groups of its natural substrate phytate (InsP6). The specific recognition of a bidentate
chelation enables the enzyme to sequentially hydrolyze one of the phosphate groups in a bidentate of
Ca2+-InsP6 to yield amyo-inositol trisphosphate (InsP3) and three phosphates as the final products. A
comparative analysis of1H- and13C NMR spectroscopy with the aid of 2D NMR confirms that the chemical
structure of the final product ismyo-Ins(2,4,6)P3. The catalytic properties of the enzyme suggest a potential
model for how the enzyme specifically recognizes its substrate Ca2+-InsP6 and producesmyo-Ins(2,4,6)-
P3 from Ca2+-InsP6. These findings potentially provide evidence for a selective Ca2+-InsPs chelation
between Ca2+ and two adjacent phosphate groups of inositol phosphates.

Chelation by phosphate involves the coordinate binding
of the ligand to a metal ion by the donation of electrons
from the oxygen atoms of the phosphate. Divalent cations
such as Ca2+ and Mg2+, which are the most abundant cations
in biological systems (1, 2), are more susceptible to chelation
than monovalent ions. Thus, all naturally existing compounds
with phosphate groups, such as cyclic phosphates, carbohy-
drate phosphates, and nucleotides, are potential chelators of
Ca2+ and Mg2+. With a single available phosphate group,
these interactions are very weak, but they become stronger
when two phosphate groups are close together. Moreover,
the binding properties of phosphate groups depend on the
ionic radius of the divalent cation as well as the number of
phosphate groups (3). Of particular interest is the family of
myo-inositol phosphates (InsPs1) because InsPs provide very
favorable environments with multiple phosphate groups (4).
For example, a single phosphate group on an inositol ring
(InsP1) or two long-distance phosphate groups, such as Ins-
(1,4)P2, prefer Mg2+ with its small ionic radius and form a
monodentate chelation, whereas Ins(4,5)P2 with two adjacent

phosphate groups directly binds Ca2+ with its larger ionic
radius. The latter is believed to form a bidentate (P-Ca2+-P)
chelation between Ca2+ and the two oxianions from the
adjacent phosphate groups (Scheme 1) (5, 6). Other biologi-
cally important compounds, such as Ins(1,4,5)P3, Ins(1,3,4,5)-
P4, and phytate (InsP6), also bind Ca2+ with high affinity
over the physiological Ca2+ concentration range of 10-7-
10-3 M (7-9). In particular, InsP6 is a strong chelator of
Ca2+ and forms multiple bidentate chelations with Ca2+.
Therefore, InsP6 inhibits the intestinal absorption of dietary
Ca2+ (6) and cardiovascular calcifications (10-12) through
strong Ca2+ chelation in biological systems.

Phytases are a class of inositol phosphatases that are
responsible for the hydrolysis of InsP6. These enzymes can
be classified as histidine acid phytases (HAPs) and alkaline
phytases on the basis of their pH optima (13-17). Several
HAPs have been cloned and extensively characterized,
including fungal phytases fromAspergillus, bacterial phytases
(pH 2.5 acid phosphatase and glucose-1-phosphatase) from
Escherichia coli, and mammalian phytases (rat hepatic
multiple inositol phosphatase, human prostatic, and lysosomal
acid phosphatases). These enzymes exhibit no apparent
sequence similarity to each other or to other known phos-
phatases, except for a conserved RHGXRXP motif in their
active sites that is essential for catalytic activity (18). Despite
a lack of sequence similarity beyond the active site, the
crystal structures closely resemble the overall fold of a large
R/â and a smallerR-domain (19). Most known HAPs can
be classified into one of two classes on the basis of substrate
specificity. One class of HAPs exhibits a lower specific
activity with broad specificity for a variety of phosphate-
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containing substrates, such as phenyl-phosphate, glucose-1-
phosphate, glucose-6-phosphate, fructose-1-phosphate, and
InsP6. The other class of HAPs shows narrow substrate
specificity with higher specific activity for InsP6 (20). These
HAPs can initially hydrolyze at the 3 or 6 position of InsP6

to produce Ins2P as a final product (13, 15, 16).
Unlike HAPs, the phytases fromBacillussp.,Shewanella

oneidensis, and plants differ in terms of substrate specificity,
final products, and, perhaps most significantly, in the fact
that Ca2+ is required for both enzyme activation and substrate
recognition (21-30). These phytases form a special class
of inositol phosphatases that lack the active site motif
RHGXRXP found in HAPs and preferentially hydrolyze
Ca2+-InsP6 to produce an InsP3 as a final product (21, 22,
25, 30-34). We previously found that the crystal structure
of alkaline phytase fromBacillus has two phosphate-group
binding sites composed of a six-bladedâ-propeller folding
architecture (35, 36). This particular folding is designated
as the active site for substrate phosphate group binding and
is composed primarily of negatively charged amino acid
groups, which provide a favorable electrostatic environment
for Ca2+-InsPs (35).

Despite the intense interest in InsPs and progress in
characterizing inositol phosphatases, little is known about
the kinetic mechanisms for substrate specificity determinants
in this system. In this study, we have taken multiple
approaches to better understand howâ-propeller phytase
preferentially recognizes its substrate Ca2+-InsP6 and how
the enzyme selectively hydrolyzes Ca2+-InsP6 to yieldmyo-
inositol 2,4,6-trisphosphate as a final product. The kinetic
and NMR studies show that the chemical structure of the
final product is myo-inositol 2,4,6-trisphosphate, which
results from the specific binding properties of Ca2+ and InsP6.

EXPERIMENTAL PROCEDURES

Protein Preparation. The gene encodingâ-propeller
phytase (amino acid residues 31-383) fromBacillus amyl-
oliquefaciensDS11 was cloned into the vector pET22b
(Novagen) and expressed with a 6× histidine tag inE. coli
BL21 (DE3) (Novagen). The cells were initially grown in
50 mL of LB-ampicillin (100 µg/mL) for 8 h at 37 °C.
Inocula were added to 2 L of LB-ampicillin (100 µg/mL).
The large cultures were immediately moved to an incubator
at 30 °C. When the cultures reached an A600 of 0.6-1.0,
isopropyl-â-D-thiogalactopyranoside (IPTG) was added at a
final concentration of 1 mM to induce the 6× His-tagged
â-propeller phytase. After 3-4 h, the cells were harvested
and lysed by sonication in an equilibrium buffer (50 mM
Tris-HCl at pH 7.5, 250 mM NaCl, and 10 mM imidazole).
Cell debris was removed by consecutive centrifugations at

4500g for 10 min and at 10 000g for 10 min at 4°C. The
soluble fraction was loaded onto a HR 10/10 column
(Pharmacia) packed with 8 mL of nickel-nitrilotriacetic acid
(Ni-NTA) superflow resin (Qiagen). The column was washed
with 10 column-volumes of equilibration buffer (50 mM Tris-
HCl at pH 7.5, 250 mM NaCl, and 10 mM imidazole). The
6 × His-tagged protein was eluted with a 0-250 mM
imidazole gradient. The eluted fractions were pooled and
added to solid ammonium sulfate (final concentration 1.7
M). The sample was then loaded onto a HiLoad 16/10 phenyl
Sepharose column and eluted with a 1.7-0 M decreasing
ammonium sulfate gradient. Proteins in the peak fractions
were pooled and dialyzed against 50 mM Tris-HCl at pH
7.0. The purity ofâ-propeller phytase was determined by
sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) with 4% (w/v) stacking and 12% (w/v)
resolving gels. All of the results presented in this study were
obtained using this purified 6× His-tagged phytase.

Inositol Phosphatase Assay.The inositol phosphatase
activity of â-propeller phytase was assayed by measuring
the rate of increase in inorganic orthophosphate (Pi) using a
modified version of the method described by Engelen et al.
(37). The experiments were conducted in 100 mM Tris-HCl
(pH 7.0) under conditions in which the Na-InsP6 concentra-
tion (0.01-5.0 mM) and the Ca2+ concentration (0-9.0 mM)
were varied. To measure activation by Ca2+ ions, a Chelex
100 resin (Na form; 200-400 mesh; BioRad) was added to
each solution and stirred for 60 min to remove contaminating
Ca2+ and other metal ions. After filtration, the pH of the
solution was checked and readjusted, if necessary, with 0.1
N HCl or 0.1 N NaOH.

The enzymatic reaction was started by the addition of 50
µL of enzyme preincubated with increasing concentrations
of Ca2+, followed by the addition of 450µL of 0.11, 1.1, or
2.2 mM Na-InsP6 that had been preincubated with each of
the Ca2+ concentrations in 100 mM Tris-HCl (pH 7.0).

The reaction was stopped by adding 500µL of coloring
reagent solution containing 2.5% ammonium heptamolyb-
date, 0.175% ammonia, 0.1425% ammonium vanadate, and
22.75% nitric acid. The absorbance of the solution was
measured at 415 nm.

TLC Analysis of Reaction Products.Cellulose-precoated
glass plates (without the fluorescent indicator) were obtained
from Merck (Darmstadt, Germany). The plate dimensions
were 20× 20 cm2, and the coating thickness was 100 mm.
The plates were developed in a double-through chamber
(internal dimensions: 30× 27× 10 cm3). Then, 2-5 µL of
50 mL total-volume samples were applied at a distance of 1
cm from the plate. A 20-mL volume of the mobile phase
consisting of 1-propanol/25% ammonia solution/water (5:

Scheme 1: The Interaction between Inositol Phosphates and Divalent Cations
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4:1) was used per experiment, and the distance between the
upper level of the mobile phase and the lower borders of
the application zones was kept as short as possible (38). The
plates were developed at room temperature until the solvent
front was 5-10 mm away from the upper plate border.
Running time was approximately 12 h.

The detection of phosphate and InsPs was carried out as
follows. The developed cellulose plates were air-dried and
sprayed with molybdate reagent containing 8 mM ammonium
heptamolybdate tetrahydrate, 0.1 M HCl, and 0.5 M HClO4.
The plates were subsequently incubated at 85°C for 6.5 min
and exposed to UV light (254 nm) at a distance of 20 cm
for another 6.5 min. Faint blue spots were immediately
visible after UV exposure, and the maximal color intensity
of the spots was obtained in 2 h. To avoid background
formation and fading of the spots, processed plates were kept
out of bright light.

Identification of Phytate Hydrolysis Products.The enzy-
matic reaction was performed in the presence of 2 mM Na-
InsP6 in a 100 mM Tris-HCl buffer (pH 7.0) with varying
concentrations of Ca2+, in a final volume of 50 mL. The
enzymatic reaction was started by the addition of a suitable
enzyme solution to the reaction solution at 37°C. The
samples (500µL) were removed periodically from the
reaction mixture, and the total amount of liberated phosphate
was quantified by the previously described ammonium
molybdate method. After the enzymatic reaction was satu-
rated, aliquots of each sample were applied to a TLC plate
with a pipet. The plate was developed at room temperature,
and the hydrolysis products were analyzed.

Isolation of Phytate Hydrolysis Products.The reaction
mixture (250 mL) for InsP6 hydrolysis contained 100 mM
Tris-HCl (pH 7.0), 2 mM Na-InsP6, 2 mM or 0.1 mM
CaCl2, and an aliquot ofâ-propeller phytase in a final volume
of 250 mL. After incubation at 37°C for 24 h, the total
amount of phosphates and InsPs were analyzed. Each
incubation mixture was lyophilized, and the dry residues were
dissolved in 5 mL of distilled water. The solutions were
loaded onto a Dowex column (Sigma, 2.0× 25 cm)
equilibrated with distilled water at a flow rate of 3.0 mL/
min. The column was washed with 100 mL of 0.1 M HCl.
The bound InsPs were eluted with a linear gradient of 0.1-
1.0 M HCl at 3.0 mL/min. Even-numbered fractions were
checked by TLC analysis. The fraction tubes corresponding
to the InsPs were pooled, adjusted to pH 7.0 with 1.0 N
NaOH, and lyophilized until only a dry residue remained.
The purity of the InsP preparations was determined by TLC
analysis, as described above.

NMR Spectroscopy.Spectra were recorded on a Varian
UNITY 500 spectrometer. Lyophilized samples (20-40 mg)
were dissolved in D2O (0.75 mL) and adjusted to pH 7.0
with acetic-d3 acid-d (CD3CO2D) (Sigma). All spectra were
recorded at 25°C. The1H NMR spectra were obtained at
500 MHz. The1H-chemical shifts were referenced to the
residual proton absorption of the solvent D2O (δ 4.67). The
acquisition conditions were as follows: spectral windows,
500 MHz; and pulse width, 50-90° tipping angle. A total
of 56 scans were collected for each block with a repetition
time of 2.1 s. The total recording time for the 2D spectra
including 1H-1H COSY and HMQC was 17 h.

RESULTS AND DISCUSSION

The kinetic experiments and TLC analysis show that the
â-propeller phytase has substrate specificity for Ca2+-InsP6

and yields an InsP3 and three phosphate groups as the final
products.Previous kinetic experiments strongly suggested
that â-propeller phytase requires Ca2+, not only as an
essential activator but also as a part of its substrate, Ca2+-
InsP6. Further kinetic experiments indicated that Na-InsP6

acted as a competitive inhibitor (26).

To better understand the kinetic mechanism and the
specific role of Ca2+ in InsP6 hydrolysis by â-propeller
phytase, the following studies were carried out.â-Propeller
phytase was preincubated with increasing concentrations of
Ca2+, followed by the addition of 2 mM Na-InsP6, which
had been preincubated with each concentration of Ca2+.
When the reaction was completed after 20 min, each reaction
solution was analyzed by quantifying the total amount of
liberated phosphate (Figure 1A) or by TLC (Figure 1B). As
shown in Figure 1,â-propeller phytase was totally dependent

FIGURE 1: Kinetic experiments (A) and TLC analysis (B) show
that theâ-propeller phytase has substrate specificity for Ca2+-
InsP6. To determine the effect of Ca2+ on InsP6 hydrolysis, the
Ca2+ concentration was varied at 2 mM Ca2+-free-InsP6 in 100 mM
Tris-HCl (pH 7.0). When the reactions were completed after 20
min, the effect of Ca2+ on InsP6 hydrolysis was analyzed by
quantifying the total liberated phosphate and TLC analysis of each
reaction solution (1µL). Lanes 1-16 represent the reaction solutions
with Ca2+ concentrations of 0, 0.01, 0.02, 0.03, 0.04, 0.05, 0.06,
0.08, 0.1, 0.2, 0.3, 0.4, 0.5, 0.8, 1.0, and 2.0 mM, respectively,
with 2 mM InsP6; lane 17, Ins2P; lane 18, Ins(5,6)P2; lane 19, Ins-
(1,4,5)P3; and lane 20, Ins(1,3,4,5)P4.

Substrate Specificity ofâ-Propeller Phytase Biochemistry, Vol. 45, No. 31, 20069533



on the Ca2+ concentration and showed no activity in the
absence of Ca2+. However, InsP6 hydrolysis and InsP3
production increased with increasing concentrations of Ca2+.
The total liberated phosphate from InsP6 hydrolysis was very
close to 6 mM, indicating that the enzyme hydrolyzed three
phosphate groups per one InsP6 molecule (Figure 1A). In
addition, TLC analysis provided several lines of clear
evidence indicating that, in the presence of Ca2+, â-propeller
phytase hydrolyzed three phosphates per InsP6 molecule,
producing an InsP3 as the final product (Figure 1B). The
results of these experiments demonstrate thatâ-propeller
phytase is a specific inositol phosphatase in terms of its
unique substrate specificity for InsP6 in the presence of Ca2+.

Ca2+-InsP6 hydrolysis is achieVed when the concentration
of Ca2+-InsP6 is high and the concentrations of free Ca2+

and free InsP6 are minimal.To test the relevance of our
â-propeller phytase model and the roles of Ca2+ in InsP6

hydrolysis, as a part of the kinetic analyses, we performed
zero-order enzyme kinetics instead of initial kinetics for 3
h, using a modified London and Steck’s approach, wherein
the total amounts of liberated phosphate were determined
by fixing the total concentration of Ca2+ while varying the
total InsP6 concentration and vice versa (39). Because
â-propeller phytase could not hydrolyze InsP6 at lower
concentrations of Ca2+, we sought to determine whether
direct complex formation between Ca2+ and InsP6 was
important for enzyme activity. We measured the total
amounts of liberated phosphate at a fixed Ca2+ concentration
(0.1 mM), while increasing Na-InsP6 (Ca2+-free-InsP6)
concentrations from 0 to 5 mM. The enzyme efficiently
hydrolyzed nearly three phosphate groups of InsP6 at 0.6
mM Na-InsP6 and 0.1 mM Ca2+. However, the enzyme
could not fully hydrolyze the phosphate groups at concentra-
tions above 1.0 mM Na-InsP6 because the small amount of
Ca2+ was not sufficient for Ca2+-InsP6 chelation with excess
amounts of Na-InsP6. When the concentration of Ca2+ was
lower than that of Na-InsP6, excess amounts of Na-InsP6

increased the Ca2+-free-InsP6 concentration. Therefore, Ca2+-
free-InsP6 was not an efficient substrate forâ-propeller
phytase, and it acted as a competitive inhibitor of the enzyme.
These data suggest that the chelation of Ca2+ by InsP6 is
necessary for enzyme activity against the substrate.

Our earlier studies indicated that, in addition to enzyme
inhibition by Ca2+-free-InsP6, excess amounts of Ca2+ might
act as a competitive inhibitor of the enzyme (26). Therefore,
we measured the total amounts of liberated phosphate at a
fixed Ca2+-free-InsP6 concentration (1 mM), while increasing
the Ca2+ concentration from 0 to 9 mM (Figure 2B). For
these experiments, the enzyme reaction was carried out on
a shaking incubator to prevent any Ca2+-InsP6 precipitation.
The results showed that the enzyme efficiently hydrolyzed
three phosphate groups at about 1.0 mM Ca2+ and 1mM Na-
InsP6. In contrast, the concentrations of Ca2+ below 0.1 mM
or above 2 mM decreased enzymatic activity because excess
amounts of Ca2+ exceeded the capacity of the fixed amount
of Na-InsP6 to form Ca2+-InsP6 complexes. These finding
are consistent with our previous initial velocity kinetics,
indicating that an excess amount of free Ca2+ eventually acts
as a competitive inhibitor of the enzyme (26).

The results in Figure 2A and B reveal that Ca2+-InsP6

hydrolysis is reached when Ca2+-InsP6 complex formation
is high and the concentrations of free Ca2+ and Ca2+-free-

InsP6 are minimal, and high concentrations of free Ca2+ and
Ca2+-free-InsP6 lead to incomplete InsP6 hydrolysis, which
competitively inhibits the enzyme.

An additional experiment was designed to determine the
optimal conditions for Ca2+-InsP6 hydrolysis by the enzyme.
We reasoned from the results in Figure 2A and B that
equimolar concentrations of Ca2+ and InsP6 were optimal
for both Ca2+-InsP6 chelation and enzyme reaction. We
performed a time-course analysis of the total amount of
liberated phosphate using a substrate prepared by mixing
equimolar amounts of Ca2+ and InsP6. Aliquots of the
samples were withdrawn periodically, and the total amounts
of liberated phosphate were quantified. The results confirmed
that the enzyme efficiently hydrolyzed the substrate at
equimolar concentrations of Ca2+ and InsP6 within a short
period (20 min) and that the enzyme hydrolyzed three
phosphate groups from Ca2+-InsP6. Continuing the reaction
for an additional 3 h did not hydrolyze any more phosphate
groups (Figure 2C).

FIGURE 2: Equimolar concentrations of Ca2+ and InsP6 are optimal
for enzyme reaction. To determine the optimum molar ratio for
Ca2+-InsP6 complex formation, the InsP6 concentration was varied
at a fixed concentration of 0.1 mM Ca2+ (A), and the Ca2+

concentration was varied at a fixed concentration of 1.0 mM InsP6
(B). The enzyme reaction was continued for 3 h, and the total
liberated phosphate was quantified. (C) Time-course analysis of
phosphate hydrolysis using a substrate prepared by mixing 2 mM
Ca2+ and 2 mM InsP6. The results represent the molar amount of
liberated phosphate/mole of InsP6. The maximal enzymatic activity
was reached when Ca2+-InsP6 chelation was high, and the
concentrations of free Ca2+ and Ca2+-free-InsP6 were minimal.
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From these findings, we assumed that the bidentate (P-
Ca2+-P) chelation of Ca2+ by two of the six phosphate groups
in InsP6 was mandatory for inositol phosphate hydrolysis,
thus endowingâ-propeller phytase with substrate specificity
for InsP6, among several potential phosphate-containing
substrates (40).

This mechanism is distinct from those of some other
enzymes such as HAPs that only hydrolyze Ca2+-free-InsP6
at an acidic pH where Ca2+ is dissociated from InsP6 and
that show broad substrate specificity for phenyl-phosphate,
glucose-1-phosphate, glucose-6-phosphate, and fructose-1-
phosphate (16).

An NMR analysis of the final product, InsP3, reVeals that
â-propeller phytase yields myo-inositol-2,4,6-trisphosphate.
To understand howâ-propeller phytase preferentially rec-
ognizes Ca2+-InsP6 and how the enzyme produces an InsP3

from Ca2+-InsP6, we purified the final product, InsP3, using
ion-exchange chromatography and TLC analysis and deter-
mined the chemical structure of InsP3. Purified InsP3 was
analyzed by 1D (1H- and 13C-) and 2D NMR spectro-
scopy. The1H NMR spectrum of the purified InsP3 is shown
in Figure 3A. The spectrum of InsP3 consisted of four distinct
sets of protons in a 1:2:2:1 ratio of, indicating a plane of
symmetry in the molecule. This was consistent with observa-
tions that equatorial proton resonance was generally down-
field of axial protons. The one equatorial proton H-2 atδ
4.64 was split into a triplet of doublets, which appeared as
broad doublets because of one largeJH(2)-P coupling and two

smallJax-eq vicinal couplings to H-1 and H-3. The magneti-
cally equivalent H-4 and H-6 protons atδ 4.31 were split
into quartets because of twoJax-ax vicinal couplings with
protons on either side or oneJH-P coupling, all of similar
magnitude. The magnetically equivalent H-1 and H-3 protons
atδ 3.78 were split into a triplet of doublets, which appeared
as broad doublets because of one largeJax-ax and smallJax-eq

vicinal coupling. The H-5 proton atδ 3.66 was split into a
triplet because of two largeJax-ax vicinal couplings to H-4
and H-6 protons. Therefore, the spin system had to be an
InsP3.

The 13C NMR spectra of InsP3 consisted of four distinct
sets of carbons in a 2:1:1:2 ratio. Further confirmation of
the phosphorylated positions in InsP3 was provided by1H-
1H COSY spectra and1H-decoupled HMQC (δH 3.37f C
70.30,δH 4.64f C 76.97,δH 4.31f C 77.82,δH 3.66f
C 72.26), which showed2JC-P and 3JH-P connectivities at
C-2, C-4, and C-6 (Figure 3B; Supporting Information Figure
1). From these studies, we determined that the InsP3 was
myo-Ins(2,4,6)P3 (Table 1). To determine the pathway of
â-propeller phytase-catalyzed Ca2+-InsP6 hydrolysis, we
performed the enzyme reaction directly in the D2O solution,
purified the reaction intermediates after partial hydrolysis
of Ca2+-InsP6, and further analyzed the chemical structure
of the intermediates. The results showed a mixture ofmyo-
Ins(2,4,6)P3 andmyo-Ins(2,4,5,6)P4, as summarized in Table
2.

FIGURE 3: (A) 1H- and (B) 13C-NMR spectra of purifiedmyo-inositol trisphosphate.myo-Inositol trisphosphate was purified by ion-
exchange chromatography. The lyophilized sample (22 mg) was dissolved in D2O (0.75 mL) and adjusted to pH 7.0 with acetic-d3 acid-d
(CD3CO2D). 1H- and13C-NMR spectra were recorded on a Varian UNITY 500 spectrometer at 25°C. The1H-chemical shifts were referenced
to the residual proton absorption of the solvent D2O (δ 4.67).

Substrate Specificity ofâ-Propeller Phytase Biochemistry, Vol. 45, No. 31, 20069535



These NMR studies clearly reveal thatâ-propeller phytase
is a special type of inositol phosphatase that catalyzes the
sequential hydrolysis of Ca2+-InsP6 to yieldmyo-Ins(2,4,6)-
P3 and three phosphate groups as the final products.

Recently, Kerovuo and co-workers proposed thatâ-pro-
peller phytase producedmyo-Ins(1,3,5)P3 andmyo-Ins(2,4,6)-
P3 from InsP6 (31). However, the final products, as proposed
by Kerovuo et al. and our previous computer model building
of substrate binding, cannot be reconciled with our current
results in terms of chemical structure and the form of InsP3

(31, 36). The computer model building of substrate binding
was based on the chemical structure proposed by Kerovuo
et al., who identified the chemical structures of reaction
intermediates and final products on the basis of HPLC
comparisons and total phosphate quantification (31). Al-
though we reproduced some of their findings, including the
formation of Ins(2,4,5,6)P4 and Ins(2,4,6)P3, as also con-
firmed by Greiner et al. (41), we were unable to find Ins-
(1,3,5)P3 as a final product (Tables 1 and 2). In particular,
our current results are consistent with the important known
catalytic property that classifies phytases as 3- or 6-phytases
on the basis of the position of the initial hydrolysis of InsP6.
It is also well-known that most phytases are unable to
hydrolyze an axial phosphate group at the d-2 position of
InsP6. Moreover, the formation of both Ins(1,3,5)P3 and Ins-
(2,4,6)P3 by a single enzyme would require dual 3- and
6-phytase activities, including the cleavage of an axial
phosphate group at the d-2 position of phytate (15, 16,
41).

Proposed Substrate-Recognition Mechanism of theâ-Pro-
peller Phytase.On the basis of the kinetic studies and the
physiochemical characteristics of Ca2+ and InsP6, we propose
an enzyme-substrate binding scheme in the active site of
â-propeller phytase (Figure 4A). Three Ca2+ ions directly
bind the enzyme’s active site, which creates an ideal

Table 1: 1H- and13C-NMR Spectral Data for
myo-Inositol-2,4,6-trisphosphate

positions δH δCa

1,3 3.78 (2H, br. d,J ) 9.5)b 70.30 (t,3JC-P ) 3.03)c
2 4.64 (1H, dt,3JH-P

) 8.5,Jeq-ax ) 1.5-2.0)
76.97 (d,2JC-P ) 6.00)

4,6 4.31 (1H, dt,3JH-P ) 9.2,
Jex-ax ) 9.5-9.0)

77.82 (d,2JC-P ) 6.08)

5 3.66 (1H, t,Jax-ax ) 9.0) 73.26 (t,3JC-P ) 3.34)

a Assigned with1H-decoupled13C-NMR spectrum.b Proton reso-
nance integration, multiplicity, and coupling constants are indicated in
parentheses.c 13C-resonance multiplicity and coupling constants are
indicated in parentheses.

Table 2: 1H- and13C-NMR Spectral Data for
myo-Inositol-2,4,5,6-tetraphosphate

positions δH δCa

1,3 3.78 (overlapped with
H-1,3 of Ins(2,4,6)P3)b

70.11 (br s)c

2 4.63 (overlapped with
H-2 of Ins(2,4,6)P3)

76.89 (d,2JC-P ) 6.00)

4,6 4.39 (2H, q,J ) 9.6 Hz) 77.08 (m, overlapped with
C-2 of Ins(2,4,6)P3)

5 4.18 (1H, q,J ) 9.2 Hz) 77.78 (m, overlapped with
C-4,6 of Ins(2,4,6)P3)

a Assigned with1H-decoupled13C-NMR spectrum.b Proton reso-
nance integration, multiplicity, and coupling constants are indicated in
parentheses.c 13C-resonance multiplicity and coupling constants are
indicated in parentheses.

FIGURE 4: Schematic of the proposed Ca2+-InsP6 recognition and binding mechanisms of theâ-propeller phytase active site (A) and the
active sites of two-phosphate-bound (B) and the phosphate-free (C) structures ofâ-propeller phytase. We propose this unique substrate-
binding mode on the basis of comparative biochemical studies and the final products revealed in this article, although our previous computer-
modeling study suggested two alternative binding modes. This was due to the exclusion of an important Ca2+ as a Ca2+-InsP6, although
the crystal structure of the two-phosphate-bound phytase (pdb accession code: 1QLG) showed an additional Ca2+-binding site compared
to that of the phosphate-free phytase (pdb accession code: 1H6L). The crystal structure of an InsP6 molecule bound to anE. coli mutant
phytase (pdb accession code: 1DKQ) was used (2.05 Å resolution).
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conformation and charge distribution for Ca2+-InsP6 to fit
in. The fourth Ca2+ from a bidentate (P-Ca2+-P) of Ca2+-
InsP6 binds to one of the enzyme’s Ca2+-binding sites in the
active site.

This proposal is supported by several lines of evidence.
In addition to the biochemical studies in this article, the
crystal structure ofâ-propeller phytase shows important roles
for Ca2+ in InsP6 hydrolysis. Mg2+ cannot stimulate the
enzymatic activity, even though Mg2+ binding has been
shown to overlap with Ca2+ binding in the active site of
â-propeller phytase (Figure 4B) (35). In contrast, among
several divalent cations, including Ca2+, Co2+, Fe2+, Mg2+,
Mn2+, and Sr2+, only Ca2+ and Sr2+ stimulate enzymatic
activity. Ca2+ is ∼10-fold more potent than Sr2+ in activating
the enzyme (26). In this regard, similar biochemical and
structural results have been reported for Ca2+-channel
opening in the Ins(1,4,5)P3 receptor (IP3R), in that low
concentrations of Ca2+ and high concentrations of Sr2+ were
shown to be effective for IP3R Ca2+-channel opening (42-
44). This is consistent with the relative abilities of Ca2+ and
Sr2+ to stimulateâ-propeller phytase (44).

We reasoned that the ability of Ca2+ (0.99 Å) or Sr2+ (1.10
Å) to activate enzymatic activity might be due to their larger
ionic radii compared to that of Mg2+ (0.65 Å) (45, 46). These
results could be rationalized by the chelation of Ca2+ by InsPs
(Scheme 1). In fact, InsPs and InsP6 have much higher
affinities for Ca2+ than for Mg2+, and these InsPs can form
bidentate P-Ca2+-P between Ca2+ and two adjacent phosphate
groups on the inositol ring (7). This idea is supported by
our previous isothermal titration calorimetry (ITC) studies,
indicating that 4 mol of Ca2+ strongly bind to 1 mol of InsP6
with dissociation constants of 0.67, 2.22, 34.60, and 246µM,
respectively (26). InsP6 is also known as a strong chelator

of Ca2+ and, in nature, exists as Ca2+-InsP6 in plant seeds
(47). Therefore, it is possible thatâ-propeller phytase may
be designated to preferentially recognize Ca2+-InsP6 as its
true substrate.

Finally, the crystal structures ofâ-propeller phytase in two
different states provide direct evidence thatâ-propeller
phytase selectively binds Ca2+-InsP6 as a substrate. The
crystal structure ofâ-propeller phytase shows one additional
Ca2+-binding site in the two-phosphate-bound structure of
its active site (36) (Figure 4B) compared with those in the
phosphate-free structure (35) (Figure 4C). This additional
Ca2+ might originate from Ca2+-InsP6. These findings
strongly support a specific role for Ca2+-InsP chelation in
substrate specificity determination. This unique Ca2+-InsP
chelation may provide an explanation as to how the enzymes
associated with InsPs preferentially recognize their substrate
Ca2+-InsPs. Therefore, Ca2+-InsP chelation might endow
â-propeller phytase with selective substrate specificity.

Proposed â-Propeller Phytase-Catalyzed Pathway of
Ca2+-InsP6 Hydrolysis.On the basis of our NMR studies
of reaction intermediates and the final product, we propose
a sequential hydrolytic pathway of Ca2+-InsP6 catalyzed by
â-propeller phytase. This proposal can also explain how the
enzyme specifically producesmyo-Ins(2,4,6)P3 as a final
product from Ca2+-InsP6 (Figure 5).

A bidentate (P3-Ca2+-P4) of Ca2+-InsP6 initially binds to
two phosphate-binding sites in the active site ofâ-propeller
phytase, which preferentially hydrolyzes the phosphate group
at the d-3 position of Ca2+-InsP6 to release Ins(1,2,4,5,6)P5

as an initial product (48). After the hydrolysis of the first
phosphate group, the enzyme binds another bidentate (P1-
Ca2+-P2) of Ins(1,2,4,5,6)P5, followed by the hydrolysis of
the phosphate group at the d-1 position to release Ins(2,4,5,6)-

FIGURE 5: Schematic of the proposed hydrolytic pathway of Ca2+-InsP6 catalyzed byâ-propeller phytase. The enzyme preferentially
recognizes a bidentate (P3-Ca2+-P4) of Ca2+-InsP6 as a true substrate and initially hydrolyzes at the d-3 position of Ca2+-phytate. The
sequential hydrolysis of two more phosphate groups yieldsmyo-Ins(2,4,6)P3 and three phosphate groups as the final products. It also is
possible that the enzyme reaction releases Ca2+ ions via dephosphorylation and that the final product,myo-Ins(2,4,6)P3, might lose its
Ca2+-binding ability because of the dephosphorylation of adjacent phosphate groups and the long distances (∼6.0-6.7 Å) between the
remaining phosphate groups. The crystal structure of an InsP6 molecule bound to anE. coli mutant phytase (pdb accession code: 1DKQ)
was used (2.05 Å resolution).
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P4, as identified by NMR analysis of reaction intermediates
(Table 2). Finally, the enzyme binds a bidentate (P5-Ca2+-
P4) of Ins(2,4,5,6)P4 and eventually hydrolyzes the phosphate
group at the d-5 position to yieldmyo-Ins(2,4,6)P3 as a final
product. Under these experimental conditions, the final
product,myo-Ins(2,4,6)P3, is not further hydrolyzed. This
result can be explained by the unique characteristics ofmyo-
Ins(2,4,6)P3: the absence of an adjacent phosphate group
and the inability of Ca2+ to bind to myo-Ins(2,4,6)P3. In
addition, this final product cannot mediate a bidentate
formation with Ca2+ because of the long distances between
the phosphate groups (∼6.0-6.7 Å; Figure 5).

In physiological conditions, InsP6 is easily complexed with
several divalent metal ions, such as Ca2+, Mg2+, Co2+, and
Fe2+, because of the strong negative ionic charge of its six
phosphate groups. Among these several metal ions, Ca2+-
InsP6 is a major complex because Ca2+ is the most abundant
divalent metal ion in plant seeds (9, 42). Therefore, the
catalytic properties ofâ-propeller phytase may provide
another aspect of biotechnological applications, especially
for the reduction of antinutritional effects of food with high
Ca2+-InsP6 content. Becauseâ-propeller phytase is an
extracellular enzyme fromBacillus amyloliquefacience, the
microorganisms secreteâ-propeller phytase into the medium
where, in plant seeds under most mild environmental
conditions, the Ca2+-InsP6 complex may exist primarily in
the pH range of 5.0-8.5. Therefore,â-propeller phytase may
have a role in making Ca2+-InsP6 soluble for microorgan-
isms or plants by liberating both Ca2+ and phosphate groups
from extracelluar Ca2+-InsP6 (34, 48).

PerspectiVe: The SelectiVe Interactions between Ca2+ and
Inositol Phosphates.Inositol phosphates are present in almost
all living cells, both on the inside of the plasma membrane
as phosphatidyl inositol phosphates (PtdInsPs) and in various
discrete subcellular compartments. Inositol phosphates con-
stitute a family of naturally existing chelators for biologically
important Ca2+, which have largely gone unrecognized, not
only because of the relatively sophisticated chemical struc-
tures of inositol phosphate derivatives but also because of
their diverse chelating characteristics for several divalent
cations, such as Co2+, Fe2+, Mg2+, and Mn2+. Several inositol
phosphates, such as PtdIns(4,5)P2, Ins(1,4,5)P3, Ins(1,3,4,5)-
P4, and InsP6, may exist as Ca2+-inositol phosphates because
their binding affinities are quite high within the range of
Ca2+ concentrations found in biological systems (10-7-10-3

M) (7, 49). Ins(1,4,5)P3 and InsP6, with two adjacent
phosphate groups, have higher affinity for Ca2+ than for
Mg2+, primarily due to the difference in their ionic radii (16).
However, InsP1 or ATP with its three adjacent phosphate
groups has stronger affinity for Mg2+ than for Ca2+. The
phosphate groups in ATP are much closer than those in InsPs,
which may be more favorable for Mg2+ because of its small
ionic radius. This principle is supported by the physiological
observations that enzymes requiring ATP are totally depend-
ent on Mg2+ because Mg2+-ATP, rather than Ca2+-ATP, is
the true substrate (50). The results in this article demonstrate
that the unique Ca2+-InsPs chelation is highly specific and
causesâ-propeller phytase to preferentially recognize its
specific substrate. Therefore, the kinetic mechanism of
â-propeller phytase may provide evidence for the selective
chelation of Ca2+ by two adjacent phosphates in biological
systems.
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