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Enzyme Mechanism and Catalytic
Property of � Propeller Phytase

Introduction

Phosphorylation and dephosphorylation reactions are

Sejeong Shin,1 Nam-Chul Ha,1 Byung-Chul Oh,2

Tae-Kwang Oh,2 and Byung-Ha Oh1,3

1 National Creative Research Initiative Center
for Biomolecular Recognition two of the fundamental aspects of life. The reactions,

catalyzed by numerous enzymes, are used for storingDepartment of Life Science and Division
of Molecular and Life Science and retrieving chemical energies, metabolism, and sig-

nal transduction. Phosphatases are a group of enzymesPohang University of Science and Technology
Pohang that catalyze the hydrolysis of phosphomonoester bonds

in biological systems. They differ in many ways; for ex-Kyungbuk, 790-784
Korea ample, in optimum pH, in molecular weight, and, per-

haps most significantly, in which metal ion cofactor is2 Environmental Bioresources Laboratory
Korea Research Institute of Bioscience required for catalysis. Phosphatases have been tradi-

tionally divided into alkaline, acid, and protein phospha-& Biotechnology
P.O. Box 115 tases [1], although many of them cannot be classified

according to this simple scheme.Yusong
Taejon, 305-600 Alkaline phosphatases are typically dimers with �57-

kDa subunits, contain two Zn2� ions and one Mg2� ionKorea
per subunit, and have an optimum pH of above 8. One
of the most studied alkaline phosphatases is the enzyme
from Escherichia coli [2]. The reaction of the enzymeSummary
proceeds with the overall retention of its configuration,
which suggests a double in-line nucleophilic displace-Background: Phytases hydrolyze phytic acid (myo-ino-
ment mechanism [3]. The bound zinc ions have beensitol-hexakisphosphate) to less-phosphorylated myo-
proposed to sufficiently lower the pKa of Ser102 and,inositol derivatives and inorganic phosphate. Phytases
subsequently, of a coordinated water molecule, allowingare used in animal feed to reduce phosphate pollution
for each of them to attack a phosphorous atom in ain the environment. Recently, a thermostable, calcium-
two-step mechanism [2, 4].dependent Bacillus phytase was identified that repre-

The acid phosphatases exhibit an optimum pH of be-sents the first example of the � propeller fold exhibiting
low �7 and can be further divided into three differentphosphatase activity. We sought to delineate the cata-
subclasses: low molecular weight acid phosphataseslytic mechanism and property of this enzyme.
(Mr �18,000), high molecular weight acid phosphatases
(Mr �50,000–60,000), and purple acid phosphatases,Results: The crystal structure of the enzyme in complex
which contain an Fe-Fe or Fe-Zn center at the active site.with inorganic phosphate reveals that two phosphates
The eukaryotic low molecular weight acid phosphatasesand four calcium ions are tightly bound at the active
have been shown to dephosphorylate the phosphotyro-site. Mutation of the residues involved in the calcium
syl group of proteins. Biochemical experiments demon-chelation results in severe defects in the enzyme’s activ-
strated that they utilize a common catalytic mechanismity. One phosphate ion, chelating all of the four calcium
involving the formation of a covalent thiophosphate in-ions, is close to a water molecule bridging two of the
termediate that is subsequently hydrolyzed by an acti-bound calcium ions. Fluoride ion, which is expected to
vated water molecule [5, 6]. The high molecular weightreplace this water molecule, is an uncompetitive inhibi-
acid phosphatases, including E. coli periplasmic acidtor of the enzyme. The enzyme is able to hydrolyze any
phosphatase and human prostatic and lysosomal acidof the six phosphate groups of phytate.
phosphatases, contain a conserved RHGXRXP motif.
The histidine residue has been proposed to serve as a

Conclusions: The enzyme reaction is likely to proceed nucleophile in the formation of a covalent phosphohis-
through a direct attack of the metal-bridging water mole- tidine intermediate [7, 8]. To explain the low optimum
cule on the phosphorous atom of a substrate and the pH of prostatic acid phosphatase [7], it has been pro-
subsequent stabilization of the pentavalent transition posed that the catalytic histidine is not protonated at
state by the bound calcium ions. The enzyme has two low pH due to a large number of positively charged
phosphate binding sites, the “cleavage site”, which is groups surrounding the residue, but nearby Asp258 is
responsible for the hydrolysis of a substrate, and the protonated and serves as a proton donor to the oxygen
“affinity site”, which increases the binding affinity for atom of the scissile P-O bond [8, 9].
substrates containing adjacent phosphate groups. The Purple acid phosphatases, also known as “tartrate-
existence of the two nonequivalent phosphate binding resistant” acid phosphatases, include enzymes from
sites explains the puzzling formation of the alternately beef spleen and pig allantoic fluid and contain an active
dephosphorylated myo-inositol triphosphates from phy- Fe(II)-Fe(III) or inactive Fe(III)-Fe(III) center, whereas di-
tate and the hydrolysis of myo-inositol monophosphates.
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Figure 1. Overall Structure and Binding of
Phosphate and Calcium Ions

(a) A ribbon diagram of the enzyme viewed
down the propeller shaft. The structure con-
tains residues 29–381 out of a total of 383
residues. The N-terminal 28 amino acids
comprise a signal sequence. Three calcium
ions (Ca1, Ca2, and Ca3), which are responsi-
ble mostly for the high thermal stability of the
enzyme [17] and are located remotely from
the active site, are shown in light gray. Three
calcium ions (Ca4, Ca5, and Ca6), located at
the top of the molecule, are shown in darker
gray. An additional calcium ion (Ca7), which
is shown in black and is not present in the
absence of phosphate ions, is observed near
the Ca4–Ca6 sites.
(b) A stereo view of the C� traces of the en-
zyme. The “top” of the molecule is defined
as one end of the molecule where the active
site is located. The 6th blade and the N-termi-
nal segment are shown in darker gray. Ca3
is located in the middle of the central channel,
which corresponds to the propeller shaft.

meric 111-kDa kidney bean purple acid phosphatase of the enzyme contains six calcium ions, while the inac-
tive form of the enzyme contains only three calcium ionscontains an Fe(III)-Zn(II) center at the active site [10]. A

metal-bridging or Fe(III)-coordinated hydroxide ion in due to the loss of the other three located at the top of
the molecule [17], suggesting that this region is likelythe metal centers of these enzymes has been suggested

to attack the phosphorous atom of a substrate directly to be the active site.
We have deduced a convincing catalytic mechanism[11]. The mechanism is similarly proposed for the serine/

threonine protein phosphatases [11], which are also me- of this � propeller phytase (referred to as TS-Phy, denot-
ing thermostable phytase) on the basis of the 1.8 Åtalloenzymes.

Phytases are different from other phosphatases in that resolution structure of the enzyme complexed with
phosphate ions and calcium ions in conjunction withthey prefer phytic acid as a substrate. Several phytases,

including fungal phytases from Aspergillus ficuum [12, structure-based mutagenesis and biochemical experi-
ments. In addition, the phosphate-bound structure al-13] and bacterial phytase from E. coli [14], have been

cloned and characterized. These phytases exhibit no lowed reliable modeling of the binding of phytate and
less-phosphorylated substrates, which explains the un-apparent sequence similarity to each other and to other

known phosphatases, except for the RHGXRXP motif usual catalytic property of forming alternately dephos-
phorylated myo-inositol triphosphates and hydrolysis ofconserved in the high molecular weight acid phospha-

tases. The histidine residue has been proposed to serve myo-inositol monophosphates.
as a nucleophile in the formation of covalent phospho-
enzyme intermediates [15, 16] Results

Recently, we determined the structure of a novel, ther-
mostable phytase from a Bacillus amyloliquefacience Overall Structure

TS-Phy is a � propeller consisting of five 4-stranded andstrain [17]. It adopts a � propeller fold, which is found
in a range of different proteins and exhibits a remarkable one 5-stranded antiparallel � sheets aligned around a

pseudo six-fold symmetry axis lying on the shaft of thefunctional diversity; for example, it plays a role in the
oxidation of sugars [18] and in heme binding and delivery propeller, which is a distinct central channel filled with

many ordered water molecules. This enzyme binds[19], as reviewed in [20]. A search for similar folds in the
PDB database DALI [21] does not reveal any of the seven calcium ions, two of which are located at the

periphery, one of which is located in the middle of theknown phosphatase structures. The catalytic activity
of the enzyme is dependent on the metal ion and is central channel, and the other four of which are located

at the top of the molecule (Figure 1). Unlike most othermaximized by �2 mM calcium ion. The fully active form
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Figure 2. The Active Site of the Enzyme

(a) A stereo view of the 2Fo-Fc electron densi-
ties (2.05 Å, contoured at 1�) for the active
site region of the phosphate-unbound struc-
ture of TS-Phy (PDB accession code: 2POO)
[17]. The electron density for Wat1 is only
barely visible at lower contour levels and is
not apparent in this figure, nor is it included
in the deposited coordinates. Other water
molecules in Figure 2b do not exist in this
structure.
(b) A stereo view of the 2Fo-Fc electron densi-
ties (2.05 Å, contoured at 1�) of the phos-
phate-bound structure of TS-Phy shown for
the same region as in Figure 2a. The well-
defined electron densities for the bound
phosphate and calcium ions indicate tight
bindings of these ions. Water molecules and
the three positively charged residues, Lys76,
Arg122, and Lys179, involved in the direct
interactions with the phosphate ions are well
ordered. Wat1–Wat8 correspond to residues
601–608 in the deposited coordinates.
(c) A stereo view of detailed atomic interac-
tions of the bound phosphate ions. For clarity,
not all of the nearby water molecules are
shown. Figures 1 and 2 were prepared using
MOLSCRIPT [30] and O [31].

� propeller structures, it does not show a conserved of phosphate ions, undergo disorder-to-order changes,
as indicated by the much stronger electron densitiessequence repeat in the � strands.
(Figure 2a) and the lower temperature factors of these
side chains compared with those in the phosphate-Phosphate Binding to the Active Site

The enzyme binds two phosphate ions (Pho1 and Pho2) unbound structure. Pho1 is involved in the chelation of
all of the four calcium ions. Together with the side chainsat the top of the molecule where calcium ions for

triadic calcium sites (Ca4–Ca6) in the phosphate-unbound of Asp52, Asp55, Tyr159, Glu211, Asp258, Glu260,
Glu279, and Asp314 and seven water molecules plusstructure [17]. The phosphate ions induce binding of

one more calcium ion (Ca7) by providing a coordination the bridging water molecule (Wat1) between Ca5 and
Ca6, it forms octahedral coordination shells for Ca4–Ca7arm (Figure 1). The phosphate ions also induce the re-

structuring of a number of side chains near the binding (data not shown). By these interactions, Ca4–Ca6 and
the calcium-cheating water molecules exhibit very well-site through hydrogen bonding and ionic interactions

with these residues. The side chains of Lys76, Arg122, defined electron densities (Figure 2). In contrast, the
coordination shells of Ca4–Ca6 are incomplete in theTyr159, and Lys179, which are involved in the binding
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Figure 3. Model Building of Substrate Bindings

Models of phytate (top), Ins(1,2,4,5,6)P5 (mid-
dle), and Ins(2,4,5,6)P4 (bottom) are built at
the active site. The pairs of (3-P and 4-P) of
phytate, (1-P and 2-P) of Ins(1,2,4,5,6)P5, and
(5-P and 4-P) of Ins(2,4,5,6)P4 were manually
superposed on (Pho1 and Pho2), respectively.
Torsion angles of the phosphate groups of
the substrates were manipulated until there
was no steric clash, as judged by checking
the interatomic distances. Solid docking us-
ing Quanta (Molecular Simulation) showed that
the bindings of the final models are energeti-
cally allowed. The substrates, bound phos-
phates, and calcium ions are in red, sky-blue,
and yellow, respectively. The bound water
molecules are omitted for clarity.

phosphate-unbound structure, and the bound water the enzyme for Ins(2)P1 is 6.99 min�1, which is 159 times
lower than that for phytate (1110 min�1). Consistently,molecules including Wat1 are not, or barely, visible [17].

Pho2 does not chelate any of the calcium ions. It instead the liberation of phosphate from Ins(2)P1 is 680-fold
slower than the liberation from phytate at the same con-interacts directly with Lys76, Arg122, Tyr159, Lys179,

and Pho1. centrations of the substrates (2 mM). Similar enzyme
assays showed that TS-Phy is also able to hydrolyze
Ins(1)P1 and Ins(4)P1 at rates similar to the rate of Ins(2)P1Hydrolysis of Ins(2)P1 by TS-Phy

Among the phosphate groups on phytate, only the C2- hydrolysis (data not shown). Though not tested, the en-
zyme should be able to hydrolyze the other three InsP1sphosphate is axially bonded. Notably, TS-Phy is able to

cleave the phosphate group at the C2 position, while all (commercially unavailable), since the enzyme cleaves
the phosphate group at any position on phytate, as de-the other known phytases are not [22]. This can be

shown by the release of a phosphate ion from the en- scribed below.
zyme reaction with myo-inositol 2-monophosphate
(Ins[2]P1) (data not shown). A steady-state kinetic analy- Modeling of the Substrate Binding

Possible modes of binding of phytate and less-phos-sis showed that the apparent KM value of the enzyme
for Ins(2)P1 is 4.3 mM, which is 9.6 times higher than phorylated myo-inositols to the active site were investi-

gated on the basis of the superposition of phosphatethat (0.45 mM) for phytate. The apparent kcat value of
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groups of phytate on the two bound phosphate ions
(representative binding modes are shown in Figure 3).
The structure of the phytate molecule bound to an E.
coli mutant phytase (PDB accession code: 1DKQ; 2.05 Å
resolution) was used without any modification. It was
readily noted that any two phosphate groups that are
not adjacent to each other can not be superposed on
Pho1 and Pho2 simultaneously. In addition, because
phytate is a large molecule and the active site cleft of
the enzyme is narrow, successful superposition on
(Pho1 and Pho2) without a steric clash was limited to the
pairs of (3-P and 4-P) and (6-P and 1-P). The observation
suggests that, initially, only the two pairs of the phos-
phate groups are accessible for cleavage by the enzyme.
Removal of 3-P or 6-P from the phytate molecule al-
lowed for superposition of (1-P and 2-P) or (4-P and

Figure 4. Inhibition by Fluoride Ion5-P), respectively, but not others. The further removal
TS-Phy at the final concentration of 2.5 �g/ml was preincubatedof phosphate groups alleviates steric restriction in the
with 1 mM CaCl2 and NaF at the indicated concentrations for 5 minsuperposition.
before it was reacted with phytate (0.05–0.3 mM) in 0.1 M Tris-HCl
buffer (pH 7.0) containing 2 mM CaCl2. The final volume of the
reaction mixture was 5 ml. An aliquot of 0.5 ml was withdrawn every

Discussion minute and assayed for the production of inorganic phosphate.

Catalytic Mechanism
Several lines of evidence strongly suggest that Wat1
directly attacks the phosphorus atom. Firstly, since the to Pho2 (3.62 Å between the O� and the phosphorous
pKa of a water molecule bridging two metal ions de- atom), but the tyrosyl oxygen is involved in the chelation
creases significantly to a very acidic value [23], Wat1 of Ca5. Mutation of this residue to alanine resulted in
should be a hydroxide ion, which is a reactive nucleo- the near loss of catalytic activity [24]. However, the de-
phile. The close distance (3.7 Å) between Wat1 and the fect can be attributed to the inability of the mutant to
phosphorous atom of Pho1 indicates that Wat1 is suit- secure the binding of Ca5.
able for initiating the catalysis on the phosphate group There are three possible candidates that can serve as
occupying the Pho1 site. Furthermore, the chelation of a general acid, donating a proton to the leaving alkoxide.
Pho1 by the four calcium ions (Figure 2b) suggests that These are Wat2, Wat8, and the amino group of the Lys76
they are suitable for neutralizing the negative charge of

side chain (Figure 2b), which are 2.97, 3.45, and 4.07 Å
the pentavalent transition state generated by the pro-

from a Pho1 oxygen atom, respectively, which corre-
posed attack by Wat1. Consistently, the alanine substi-

sponds to the scissile P-O of the substrates in the mod-
tution of Glu211 or Glu260, both of which are involved in

eling study. Wat2 participates in the chelation of Ca6.the calcium chelation (Figure 2a), results in the complete
These water molecules and the Lys76 amino group areloss of the catalytic activity [24]. Secondly, F�, which is
on a hydrogen-bonded network that includes Pho2.able to replace OH� in binding to a protein, inhibits the
Therefore, regardless of which one may be a generalenzyme activity with the apparent inhibition constant of
acid in the catalysis, it is expected that the absence of0.73 mM. A typical pattern of an uncompetitive inhibition
the phosphate group at the Pho2 site would not securewas observed (Figure 4). The inhibition pattern indicates
the positions of these candidates and could result in thean ordered binding of the two substrates to the active
decrease of the catalytic efficiency. In the six calcium-site: phytate first, and then a water molecule. The struc-
loaded but phosphate-free structure of the enzyme [17],tures of phytase in two different states provide a clue
both Wat2 and Wat8 are missing, and the side chain ofto how this can happen. The barely visible Wat1 in the
Lys76 is disordered. The occupation of the Pho1 sitestructure of the phosphate-unbound structure indicates
only, as in the case of the binding of an InsP1 to it, wouldthat the Wat1 site must have a very poor binding affinity
organize these components for the catalysis, but notfor the hydroxide ion due to the partially disordered
to an optimal level. The indirect catalytic role of thestate of the active site in the absence of the phosphate
phosphate group occupying the Pho2 site, we propose,binding as described above. Especially, Wat2 and Wat8,
explains the 159 times lower kcat of the enzyme for Ins(2)P1which are 2.94 Å and 2.62 Å apart, respectively, from
compared with those for phytate. The proposed cata-Wat1 in the phosphate-bound structure, are not visible
lytic mechanism of the enzyme is depicted in Figurein the phosphate-unbound structure. The restructuring
5a. A similar and relevant description for an enzymeof the coordination shells of Ca4–Ca6 induced by the
mechanism of a pyrophosphatase has been recentlyphosphate binding would convert the Wat1 site into
reported that includes direct in-line attack of a bi-Mg(II)-a high-affinity site for hydroxide and fluoride ions to
bridging water molecule and crystallographic evidencecompete with each other for binding to. Thirdly, there
for the replacement of the activated water moleculeis no other candidate nucleophilic group near any of the
(OH�) by a fluoride ion that inhibits the enzyme activ-two phosphorous atoms, which may initiate the forma-

tion of a phosphoenzyme intermediate. Tyr159 is close ity [25].
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Figure 5. Proposed Enzyme Mechanism and
Degradation of Phytate

(a) Enzyme mechanism. The hydroxide ion
(Wat1) directly attacks the phosphorous atom
of phytate occupying the Pho1 site (Figure
5b). The role of the general acid (-B:H�) in
the catalysis could be served by either Wat2,
Wat8, or Lys76. This catalytic role appears to
be severely affected in the hydrolysis of any
nonadjacent phosphate group(s), where the
Pho2 site is empty.
(b) The degradation of phytate consistent
with the structural and biochemical data. Only
two adjacent phosphate groups of the sub-
strates can simultaneously occupy both the
“cleavage site” (Pho1 site) and the “affinity
site” (Pho2 site). The substrates that can oc-
cupy only the cleavage site are less favorable
for binding to the enzyme and more suscepti-
ble to the inhibition by inorganic phosphate
than phytate, InsP5, and InsP4. More critically,
the indirect catalytic role of the Pho2 site,
proposed in the text, is absent.

Substrate Recognition and Degradation Ins(2,4,6)P3, indicating that the enzyme prefers the hy-
drolysis of every second phosphate over that of adjacentof Phytate

A nearly identical phytase from Bacillus subtilis (93% ones and that it can cleave any phosphate group of
phytate. The production of the alternately phosphate-sequence identity to TS-Phy) was shown to hydrolyze
removed InsP3s suggests that the enzyme preferentiallyup to three phosphate groups from phytate [26]. The
recognizes the substrates containing a pair of adjacentproduced InsP3s were identified as Ins(1,3,5)P3 and
phosphate groups over the other substrates that don’t
and that it cleaves one of the two bound phosphate

Table 1. Data Collection and Refinement Statistics, F � 1� groups. The preferential binding of phytate and the se-
lective cleavage requires two phosphate binding sitesResolution range (Å) 20.0–1.8
to which two adjacent phosphate groups can bind, oneRsym

a (1.86–1.8 Å), % 5.9 (27.1)
of which serves as a cleavage site. This is consistentTotal reflections 250,463

Unique reflections 32,362 with the modeling experiment in which we found that
Completeness (1.86–1.8Å), % 94.7 only the phosphate groups of phytate that are adjacent
R factorb (Rfree

c), % 19.7 (22.3) to each other can be superposed onto Pho1 and Pho2
Number of refined atoms

simultaneously. A phosphate group bound to the Pho1Protein/water 2736/54
site would be cleaved (“cleavage site”), while the otherPhosphate/Ca2� 2/7
one bound to the Pho2 site increases the binding affinityRmsd bond length deviation (Å) 0.012

Rmsd bond angle deviation (	) 1.53 (“affinity site”) for the substrates containing adjacent
Ramachandran plot (%) phosphate groups (Figure 5b). This notion is supported

Most favored region 87.2 by the 9.6-fold higher KM value for Ins(2)P1 than that for
Additionally allowed region 12.8 phytate.

aRsym 
 � |Iobs � Iavg|/� Iobs. In the context of the proposal, the modeling experi-
bR factor 
 � ||Fo| � |Fc||/� ||Fo|, where |Fo| and |Fc| are the observed ment explains why the phosphate groups are alternately
and calculated structure factor amplitudes, respectively. removed during the accumulation of InsP3s. Removal of
cRfree was calculated with 5% of the data.

3-P or 6-P of phytate, which can be superposed on
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Pho1 without steric clash as described above, allows bulky nature of phytate appear to allow binding of only
two pairs of adjacent phosphate groups of phytate. Se-superposition of the other pair of phosphate groups

of the resulting intermediates on (Pho1 and Pho2). For quential cleavages and bindings of the phosphate
groups of the intermediates lead to the formation of theexample, the removal of 3-P allows otherwise sterically

prohibited binding of (1-P and 2-P), and this in turn, after alternately dephosphorylated InsP3s, and the process
is likely to continue until all the phosphomonoesterthe removal of 1-P, allows the binding of (5-P and 4-P)

(Figure 3). This sequentially allowed binding followed by bonds of phytate are cleaved off under physiological
conditions. The complete hydrolysis of phytate by thethe cleavage of phosphate groups explains the genera-

tion of Ins(2,4,6)P3. Similarly, the sequential bindings and enzyme, which we propose on the basis of its capability
to cleave any phosphate group of phytate, is anotherthe cleavages of the phosphate groups of (6-P and 1-P),

(4-P and 5-P), and then (2-P and 1-P) or (2-P and 3-P) highly desired property for the biotechnological applica-
tion of the enzyme.for the generation of Ins(1,3,5)P3 are well supported by

the modeling experiment (data not shown).
Since the enzyme is able to cleave any of the phos- Experimental Procedures

phate groups of phytate, it is highly likely to hydrolyze
Data Collection and Structure DeterminationIns(1,3,5)P3 and Ins(2,4,6)P3 further at a rate comparable
Overexpression in Bacillus subtilis and purification of the enzymeto that of hydrolyzing InsP1s. There is no steric limitation
were described [27]. The crystals of TS-Phy in complex with phos-in the simulated binding of each of the Ins(1,3,5)P3 or
phate were obtained by cocrystallization in the presence of 4 mM

Ins(2,4,6)P3 molecules to the active site. However, under CaCl2 and 4 mM sodium phosphate in the precipitant solution con-
a test tube condition in which produced phosphate is taining 20% 2-methyl-2,4-pentanediol, 0.1 M 2-morpholinoethanes-
not removed, further degradation of the InsP3s should ulfonic acid (pH 6.5). The diffraction data were measured on a

DIP2020 area detector, with a graphite-monochromated CuK� X-raybe very slow, not only due to the reduced turn-over rate
generated by a MacScience M18XHF rotating anode generator oper-for the hydrolysis of nonadjacent phosphate groups, but
ated at 90 mA and 50 kV at room temperature. The crystals belongalso due to the increased susceptibility of the enzyme
to the space group P212121 with unit cell dimensions of a 
 50.378,

to the product inhibition (Figure 5b). In a physiological b 
 65.644, and c 
 104.767 Å. One molecule of TS-Phy is contained
situation, the less-phosphorylated myo-inositols could in the asymmetric unit. The structure of the complex was determined
be further degraded by the enzyme, owing to the utiliza- by direct refinement of the structure of TS-Phy [17] against the

diffraction data using CNS [28] with the refitting of the side chainstion of the produced phosphate ions.
near the bound phosphate ions. The statistics for the final structures
are shown in Table 1.

Biological Implications
Measurement of Enzymatic Activity
Phytase activities of the wild-type and the mutant enzymes werePhytate is responsible for storing more than 80% of the
assayed by measuring the liberation of orthophosphate using thetotal phosphorus in cereals and legumes. Since mono-
modified method of Engelen et al. [29], which uses molybdovana-gastric animals such as pigs, poultry, and fish are not
date as a coloring reagent. The enzymatic reaction was started by

able to metabolize phytate, phytase is normally added the addition of 100 �l enzyme solution to 400 �l assay mixture,
in animal feed to reduce phosphorus excretion. The ther- containing 2 mM sodium phytate, 2 mM CaCl2, and 0.1 M Tris-HCl

(pH 7.0). The reaction mixture was incubated at 37	C for 30 min,mostability of TS-Phy is a highly desirable property con-
and the reaction was stopped by adding 500 �l coloring reagentsidering the high temperature employed in processing
solution containing 2.5% ammonium heptamolybdate, 0.175% am-animal feed. The catalytic property of this valuable en-
monia, 0.1425% ammonium vanadate, and 22.75% nitric acid. Anyzyme has been poorly characterized. Furthermore, since
cloudiness was removed by centrifugation prior to the absorbance

the enzyme is the first example of a � propeller phospha- measurement at 415 nm.
tase, delineating the enzyme mechanism is of great im-
portance. Our proposed mechanism of direct phospho-

Measurement of Kinetic Constants for Ins(2)P1transfer to the hydroxide bridging two calcium ions is To determine kinetic constants of the enzymatic dephosphorylation
in contrast to the hydrolysis mechanism of many phos- of Ins(2)P1, 50 �l TS-Phy (0.19 mg/ml in 100 mM Tris-HCl [pH 7.0])
phatases belonging to the low or high molecular weight was added to sequentially diluted solutions of the Ins(2)P1 (0.5–19

mM) and incubated at 37	C. Each of the enzymes and Ins(2)P1 wasacid phosphatase family, which form a covalent phos-
preincubated with 2 mM CaCl2 at 4	C over 12 hr. At several timepho-enzyme intermediate. Instead, it is analogous to the
points, the liberated inorganic phosphate was quantified as de-enzyme mechanisms of other bimetal-containing phos-
scribed above. A double reciprocal plot of the initial reaction veloci-

phatases, except for the E. coli alkaline phosphatase, ties and the concentrations of Ins(2)P1 was used to deduce KM, kcat,
which lacks a water molecule bridging the bi-Zn center and Vmax.
and forms a phospho-enzyme intermediate. The number
of metal ions at the active site of TS-Phy, which is four,

Analysis of the Inhibition by Fluoride Ion
is unusual among metal-containing phosphatases. The Spectrofluorometric assays of TS-Phy activity were carried out in a
clustered calcium ions could allow for efficient binding reaction buffer containing phytate, NaF, and CaCl2. After brief mixing

in a tube, the reaction mixture was incubated at 37	C. Initial veloci-of two phosphate groups of a substrate simultaneously
ties were determined using initial data points showing a linear in-and could effectively stabilize the transition-state inter-
crease in the production of inorganic phosphate. No curvature inmediate, while two of them (Ca5 and Ca6) play the role
the initial part of the progress curves of the hydrolysis of phytateof increasing the nucleophilicity of the bridging water
indicated that a steady state was attained before the measurements.

molecule. Apparent Ki value of F� against TS-Phy was determined from a
The existence of the two nonequivalent phosphate double reciprocal plot of the reaction velocities and concentrations

of phytate.binding sites at the relatively narrow active site and the
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