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ABSTRACT: Monofunctional histidinol phosphate phosphatase fromThermus thermophilusHB8, which
catalyzes the dephosphorylation ofL-histidinol phosphate, belongs to the PHP family, together with the
PHP domain of bacterial DNA polymerase III and family X DNA polymerase. We have determined the
structures of the complex with a sulfate ion, the complex with a phosphate ion, and the unliganded form
at 1.6, 2.1, and 1.8 Å resolution, respectively. The enzyme exists as a tetramer, and the subunit consists
of a distorted (âR)7 barrel with one linker and one C-terminal tail. Three metal sites located on the
C-terminal side of the barrel are occupied by Fe1, Fe2, and Zn ions, respectively, forming a trinuclear
metal center liganded by seven histidines, one aspartate, one glutamate, and one hydroxide with two Fe
ions bridged by the hydroxide. In the complexes, the sulfate or phosphate ion is coordinated to three
metal ions, resulting in octahedral, trigonal bipyramidal, and tetrahedral geometries around the Fe1, Fe2,
and Zn ions, respectively. The ligand residues are derived from the four motifs that characterize the PHP
family and from two motifs conserved in histidinol phosphate phosphatases. The (âR)7 barrel and the
metal cluster are closely related in nature and architecture to the (âR)8 barrel and the mononuclear or
dinuclear metal center in the amidohydrolase superfamily, respectively. The coordination behavior of the
phosphate ion toward the metal center supports the mechanism in which the bridging hydroxide makes a
direct attack on the substrate phosphate tridentately bound to the two Fe ions and Zn ion to hydrolyze the
phosphoester bond.

Histidinol phosphate phosphatase (HisPPase),1 step of
histidine biosynthesis catalyzes the dephosphorylation of
L-histidinol phosphate to give phosphate ion and histidinol,
which is converted to histidine by histidinol dehydrogenase
(1). The HisPPases are classified into theEscherichia coli
andBacillus subtilistypes (2). The former is a bifunctional
enzyme in which the N-terminal domain has HisPPase
activity and the C-terminal domain has imidazole glycerol
phosphate dehydratase activity. The enzyme belongs to the
DDDD superfamily, named after the presence of the four
invariant aspartate residues (3). Nonspecific acid phosphatase,
phosphoglycolate phosphatase, phosphoserine phosphatase,
and trehalose-6-phosphatase belong to the DDDD super-
family. The latter is a monofunctional enzyme with HisPPase
activity. This enzyme is a member of the PHP family named
after polymerase and HisPPase, the catalytic site of which
has four motifs with conserved histidine residues. The PHP
family includes theR-subunit of bacterial DNA polymerase

III and family X DNA polymerases in addition to HisPPase.
(4). Recently, the crystal structures of four proteins belonging
to the PHP family were reported to have a distorted (âR)7

barrel fold. Hypothetical protein YcdX fromE. coli (5) and
the PHP domain of DNA polymerase III fromThermus
aquaticus(6) possess a trinuclear metal site on the C-terminal
side of the barrel.Thermotoga maritimaTM0559 (PDB code
2ANU) is predicted to be a metal-dependent phosphoesterase
with a tetranuclear metal site. Ribonuclease P protein
Ph1877p, which is an essential component ofPyrococcus
horikoshiiribonuclease P, has no metal site on the C-terminal
side of the barrel (7).

The PHP domain (Pfam accession number PF02811) is
found in more than 1500 different proteins and is present in
organisms ranging from archaea and bacteria to fungi. The
conserved residues of the PHP family are similar to those in
a metal-dependent amidohydrolase superfamily (4). The
amidohydrolase superfamily includes adenine and cytosine
deaminases, aminocyclase, dihydroorotase, hydantoinase,
urease, and phosphotriesterase, which are primarily involved
in nucleotide metabolism (8, 9). These enzymes have a
common distorted (â/R)8 barrel, and its C-terminal side bears
a metal binding site where a metal-activated water molecule
acts as a nucleophile for hydrolysis of the substrate (9). The
metal binding site carries the conserved residues, four
histidines and one aspartate.

HisPPase fromThermus thermophilusHB8 (tHisPPase),
belonging to the PHP family, was identified during the gene
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project onT. thermophilusHB8 (10). A homology search
with FASTA (11) and CLUSTAL W (12) indicated that
tHisPPase and HisPPases, which exhibit high sequence
identities (more than 24%) with tHisPPase, have the four
conserved motifs (His-h-His, h-x-x-His, Asp-Phe (or Tyr)-
h-Ile-x-Ser-h-His, and h-h-h-x-x-Asp-x-His, where h is a
hydrophobic residue and x is any residue) described above
and another two conserved motifs: Gly-h-Glu and h-Gly-
His-h-Asp. The histidine, aspartate, and glutamate residues
in these motifs might be involved in the formation of the
metal binding sites.

We expressed the gene inE. coli, purified the product
protein, and confirmed that the recombinant enzyme has
HisPPase activity (13). tHisPPase has 267 residues per
subunit and a molecular weight of 29,976. In order to
elucidate the overall fold, the active-site structure containing
the metal center, substrate binding, and the reaction mech-
anism, we have determined the crystal structure of tHisPPase.
Moreover, comparison of the metal center of tHisPPase with
those of amidohydrolases and other phosphatases such as
purple acid phosphatases and pyrophosphatases provides
some insight into the catalytic mechanism for hydrolysis of
the phosphate ester bond. The structure revealed that the
C-terminal side of the (âR)7 barrel bears a trinuclear metal
cluster consisting of a hydroxo-bridged dinuclear iron site
and a zinc site that are liganded by six histidines, two
aspartates, and one glutamate. In this paper, we report the
first X-ray structural study on a monofunctional HisPPase
belonging to the PHP family.

MATERIALS AND METHODS

Crystallization and Data Collection.Expression of tHis-
PPase byE. coli, purification of the expressed enzyme,
enzyme assay, and crystallization of tHisPPase together with
the preliminary crystallographic analysis were reported
elsewhere (13). Briefly, crystals of tHisPPase‚SO4

2- were
obtained at 293 K by equilibration of a mixture containing
2 µL of a 13 mg mL-1 protein solution and 2µL of a
reservoir solution comprising 1.5 M ammonium sulfate, 2%
PEG400 (v/v), 1% MPD (v/v), and 100 mM Tris-HCl (pH
8.5) against 400µL of reservoir solution. tHisPPase‚PO4

2-

was crystallized at 293 K by mixing 2µL of the 13 mg mL-1

protein solution with 2µL of a reservoir solution comprising
0.68 M sodium malonate and 160 mM K2HPO4 (pH 8.0).
The unliganded tHisPPase was crystallized at 293 K by
mixing 2 µL of the 13 mg mL-1 protein solution with 2µL
of a reservoir solution comprising 0.68 M sodium malonate
and 100 mM Tris-HCl (pH 8.5). Crystals of the sulfate and
phosphate complexes and unliganded tHisPPase are isomor-
phous, with space groupP21212 and average cell dimensions
of a ) 84.67,b ) 97.06, andc ) 74.52 Å, with two subunits
per asymmetric unit.

The X-ray diffraction data set for tHisPPase‚SO4
2- crystal

was collected to 1.6 Å resolution at 100 K on the BL5A
station at the Photon Factory (Tsukuba, Japan). The data sets
for the tHisPPase‚PO4

2- crystal and the unliganded crystal
were collected to 2.1 and 1.80 Å resolution, respectively, at
100 K on a Rigaku Raxis IV++ image-plate detector at a
wavelength of 1.54 Å. The data were processed and scaled
by use of the program HKL2000 (14). The heavy atom
derivatives were obtained by soaking the tHisPPase‚SO4

2-

crystal in solutions containing∼1 mM heavy atom reagents.
The data sets for heavy atom derivatives were collected at
293 K on an Raxis IV++ image-plate detector, and were
processed and scaled by use of the program Crystal Clear
(Molecular Structure Corp., a Rigaku company).

Structure Determination and Refinement.The crystal
structure of tHisPPase‚SO4

2- was solved at 1.6 Å resolution
by the multiple isomorphous replacement method with four
isomorphous data sets. The CCP4 program suite (15) was
used for the scaling of all data and map calculations. The
locations of the initial heavy atom sites were determined with
SOLVE (16, 17). The resulting MIR map has a mean figure
of merit of 0.43. The map was improved by solvent flattering
with RESOLVE to give a mean figure of merit of 0.68 (17).
The initial polyalanine model was built into the electron
density map by use of O (18) and refined with CNS (19).
After density modification, nearly the entire backbone and
most of the side chains could be traced by ARP/wARP (20)
by use of 1.6 Å resolution data. The structure was then
manually completed with program O. When theRfactor value
decreased below 30%, a simulated annealing 2Fo - Fc map
was calculated to assign metal ions and bound sulfates to
the residual electron density. Solvent molecules were picked
up from the σA-weighted Fo - Fc map. Further model
building and refinement cycles resulted in anRfactor of 0.202
andRfree of 0.221 (Table 1). The same refinement procedure
was applied to tHisPPase‚PO4

2- and the unliganded tHisP-
Pase but with the coordinates of tHisPPase‚SO4

2- as an initial
model. Refinement cycles resulted inRfactor of 0.195 and
0.224 andRfree of 0.232 and 0.268 for tHisPPase‚PO4

2- and
unliganded tHisPPase, respectively. Structure diagrams were
drawn with MOLSCRIPT (21), POVSCRIPT+ (22), and
PyMol (23).

Identification of Iron and Zinc Sites. The simulated
annealing 2Fo - Fc map of tHisPPase‚SO4

2- showed a cluster
of three marked electron density peaks per subunit in addition
to sulfate ions. These three peaks were identified as those
of two Fe ions and one Zn ion (Figure 1). An X-ray
absorption experiment showed that the absorption edges of
Fe and Zn were 1.7409 and 1.2832 Å, respectively. Multi-
wavelength anomalous diffraction data were collected at 100
K on the BL5A station at the Photon Factory (Tsukuba,
Japan). Cell constants of the crystal werea ) 84.85,b )
97.25, andc ) 74.69 Å. Bijvoet data were obtained for four
wavelengths at 1.2822 (Zn peak), 1.2899 (Zn low remote),
1.7395 (Fe peak), and 1.7533 Å (Fe low remote) before and
after the absorption edges of Zn and Fe. The data were
processed and scaled by use of the program HKL2000 (14).
Anomalous data collection statistics are available as Sup-
porting Information.

Dynamic Light Scattering. Molecular weight measure-
ments were performed at 293 K via dynamic light scattering
(DynaPro-801, Protein Solutions) by injecting a 15µL of
protein solution (20 mM HEPES-NaOH, pH 7.5). The protein
sample exhibited a monomodal distribution and the molecular
weight was estimated to be 118 000.

Enzyme Assay. Enzymatic activity was measured by
monitoring the inorganic phosphate released from histidinol
phosphate by a previously reported procedure (24). The
reaction buffers contained a series of concentrations of
histidinol phosphate (0.1, 0.2, 0.4, 0.6, 0.8, and 1.0 mM) in
50 mM Tris-HCl buffer (pH 8.8) at 310 K. The reaction was
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initiated by adding 5µL of tHisPPase solution (20 mM Tris-
HCl, 0.04 mg mL-1 tHisPPase) to 80µL of reaction buffer
and terminated by the addition of 20µL of malachite green
reagent solution.kcat, Km, andkcat/km values for tHisPPase
were calculated to be 0.93( 0.004 s-1, 0.27( 0.02 mM,
and 3.44 ( 0.17 s-1 mM-1, respectively. The protein
concentration was estimated by the method of Bradford (25).

RESULTS AND DISCUSSION

OVerall Structure. The overall structure of tHisPPasePO4
2-

is shown in Figure 2A. The molecular mass of the enzyme
was estimated to be 118 kDa by dynamic light scattering
analysis (DynaPro, Protein Solutions). tHisPPase forms a
tetramer with a crystallographic 2-fold axis in the crystal.

The enzyme thus exists as a homotetramer with 222
symmetry. One subunit in the tetramer interacts with the
other two subunits, and the surface areas of the subunit
interfaces are 971 Å2 for subunits I and II and 880 Å2 for
subunits I and I′ (Figure 2A). All the subunit interfaces are
distant from the active sites and not essential for the catalytic
activity.

The subunit structure of tHisPPase is shown in Figure
2B,C together with the secondary structure assignments made
with program DSSP (26). When the CR carbon atoms are
superimposed between subunits in the asymmetric units, the
rms deviations are 0.12, 0.13, and 0.13 Å for tHisPPase‚SO4

2-,
tHisPPase‚PO4

2-, and unliganded tHisPPase, respectively.
This indicates that the overall structures of the two subunits

Table 1: Data Collection and Refinement Statistics

tHisPPase‚SO4
2- tHisPPase‚PO4

2- unliganded Au1a Pt1 Hg1 Hg2

Diffraction Data
wavelength (Å) 1.0 1.5418 1.5418 1.5418 1.5418 1.5418 1.5418
resolution (Å) 50.0-1.6 50.0-2.1 50.0-1.8 50-2.7 50-2.7 50-2.8 50-2.7
total no. of reflections 426 082 157 630 168 034 65 294 60 811 54 308 64 325
unique no. of reflections 81 599 48 379 57 365 34 054 34 015 30 393 34 139
redundancy 5.2 (4.6)b 3.3 (3.2) 2.9 (2.4) 1.9 (1.9) 1.8 (1.7) 1.8 (1.7) 1.9 (1.8)
completeness (%) 99.0 (93.0) 99.6 (100.0) 99.2 (95.0) 99.3 (98.6) 99.3 (99.5) 98.1 (99.1) 99.2 (99.6)
I/σ(I) 42.9 (3.8) 24.2 (3.5) 7.6 (2.5) 8.5 (2.0) 7.8 (2.2) 8.0 (2.0) 10.1 (2.2)
Rmerge

c (%) 4.4 (30.3) 5.8 (27.4) 8.0 (33.7) 6.2 (28.7) 5.8 (27.3) 5.9 (26.0) 5.5 (26.1)

MIR
Rdiff

d (%) 13.2 11.2 14.6 13.4
no. of sites 3 2 1 1
phasing powere 1.13 0.46 0.63 0.54

Refinement
resolution limits (Å) 38.8-1.6 42.0-2.1 20.0-1.8
Rfactor (%) 20.2 19.5 22.4
Rfree (%) 22.1 23.2 26.8
no. of solvent atoms 282 306 413
deviations

bond length (Å) 0.005 0.006 0.019
bond angles (deg) 1.4 1.4 1.9

meanB factor
main-chain atoms (Å2) 21.7 25.9 23.0
side-chain atoms (Å2) 23.6 27.2 24.1
water atoms (Å2) 31.4 34.8 32.0

Ramachandran plotf (%) 93.8; 5.7; 0.5; 0.0 92.7; 6.4; 0.9; 0.0 92.2; 7.3; 0.5; 0.0
a Heavy atoms derivatives: Au1, KAu(CN)2; Pt1, K2PtCl4; Hg1,p-chloromercuribenzoic acid d; Hg2, Baker’s dimercurial.b Values in parentheses

are for the highest resolution shells: 1.66-1.60 Å in tHisPPase‚SO4
2-, 2.17-2.10 Å in tHisPPase‚PO4

2-, 1.86-1.80 Å in unliganded tHisPPase,
2.80-2.70 Å in Au1, Pt1, and Hg2, and 2.90-2.80 Å in Hg1.c Rmerge ) ∑hkl ∑i|Ihkl,i - 〈Ihkl〉|/∑hkl ∑i Ihkl,i, whereI ) observed intensity and〈I〉 )
average intensity for multiple measurements.d Rdiff ) ∑||FPH| - |FP||/ ∑|FP|, where|FPH| and |FP| are the derivative and native structure-factor
amplitudes, respectively.e Phasing power is the ratio of the rms of the heavy atom scattering amplitude and the lack of closure error.f Percentage
of residues in the most favored, additionally allowed, generously allowed, and disallowed regions of a Ramachandran plot (49).

FIGURE 1: Bijvoet difference Fourier maps at 1.8 Å resolution. The anomalous electron density maps contoured at 5.0σ were calculated
from Bijvoet data at (A)λ ) 1.2822 Å, (B)λ ) 1.7395 Å, and (C)λ ) 1.7533 Å.
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in an asymmetric unit are quite similar. The subunit CR
carbonatomsarefittedbetweentHisPPase‚SO4

2-,tHisPPase‚PO4
2-,

and unliganded tHisPPase to give an average rms deviation
of 0.31 Å with a maximum rms deviation of 0.36 Å,
indicating that the overall subunit structures are essentially
the same between three enzyme forms.

The subunit is divided into a barrel, a linker (Tyr109-
Arg127), and a C-terminal tail (Arg248-Pro262). The barrel
has a distorted (âR)7 structure (â-strand b1,R-helix a1,
â-strand b2,R-helix a2, ...,â-strand b7, andR-helix a7).
The linker (R-helix a4′ and its N-terminal loop) is inserted
between â-strand b4 andR-helix a4 hanging over the
C-terminal side of the barrel. The C-terminal tail consists of
a two-stranded antiparallelâ-sheet. The large crevice for
binding of the substrate histidinol phosphate is formed on
the C-terminal side of the barrel and is surrounded by the
loops betweenâ-strand b1 andR-helix a1,â-strand b2 and
R-helix a2, andâ-strand b4 andR-helix a4.

ActiVe-Site Structure and Metal Coordination. The active-
site components and bound metal ions in tHisPPase‚PO4

2-

and unliganded tHisPPase are shown in Figure 3 panels A
and B. A schematic drawing of the metal ligation is displayed
in Figure 4. The simulated annealing 2Fo - Fc map of
tHisPPase‚SO4

2- showed a cluster of three marked electron
density peaks per subunit in addition to sulfate ions. These
three peaks were identified as those of two Fe ions and one

Zn ion in anomalous scattering experiments, although Fe and
Zn ions were not present in the buffer solution used for
purification or crystallization. The absorption edges of Fe
and Zn were determined to be 1.7409 and 1.2832 Å,
respectively, in an X-ray absorption experiment. Three
electron density peaks were observed on a Bijvoet difference
map based on the data atλ ) 1.2822 Å, whereas there were
only two peaks based on the data atλ ) 1.2899 or 1.7395
Å, indicating that the missing peak corresponds to the Zn
ion (Figure 1). No significant peak was observed on the map
calculated atλ ) 1.7533 Å. The remaining two peaks were
thus assigned to Fe ions. Anomalous scattering experiments
were also performed on the unliganded tHisPPase crystal,
which confirmed that the two Fe ions and one Zn ion are
located at the same places as those in tHisPPase‚SO4

2-. The
metal-ion compositions of tHisPPase were determined by
Rigaku Corp. SPECTRO CIROS CCD CIROS-160EOP
inductively coupled plasma (ICP) spectrometry. Analysis of
the protein solution (54.5µg mL-1) revealed a Fe ion/
tHisPPase ratio of 1.94:1.00, a Zn ion/tHisPPase ratio of 0.94:
1.00, and a Fe ion/Zn ion ratio of 2.07:1.00. The levels of
contaminating ions were below the detectable limits.

The active site of tHisPPase‚PO4
2- is characterized by a

trinuclear metal cluster with Fe1-Fe2, Fe1-Zn, and Fe2-
Zn distances of 3.47, 4.70, and 5.84 Å, respectively (Figures
3A and 4). The Fe1, Fe2, and Zn ions, which are in close

FIGURE 2: Ribbon structural drawing of tHisPPase complexed with a phosphate ion. Fe and Zn ions are presented as green and magenta
circles, and the phosphate ion is shown as a ball-and-stick model. (A) View of the tHisPPase tetramer viewed down the molecular 2-fold
axis. Subunits I, II, I′, and II′ are represented by brown, green, pale blue, and deep blue ribbons, respectively. Subunits I and II reflect the
coordinates in the asymmetric unit. Subunits I′ and II′ are the crystallographic equivalents of subunits I and II, respectively. The active-site
crevice faces the hole formed at the center of the molecule. (B) Stereoview of the subunit with secondary structure assignments showing
the distorted (âR)7 barrel. Theâ-strands of the barrel, theR-helices of the barrel, the linker, and the C-terminal tail are shown as yellow,
orange, blue, and green ribbons, respectively.â-Strands are denoted by b1-b9 andR-helices by a1-a7. The N and C termini are labeled.
(C) Side view of the subunit with secondary structure assignments. The image structure is turned 90° clockwise around the horizontal axis
relative to the image in panel B.
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proximity to each other, are located at metal sites M1, M2,
and M3, respectively, which are within 2.0-2.5 Å of
histidine, aspartate, or glutamate residues. The Fe1 and Fe2
ions are bridged by a hydroxide ion, W1, which yields a
hydroxo-bridged dinuclear metal center, and by the carboxy-
late of Glu80 in a bidentate manner, as observed inB. subtilis
N-acetylglucosamine-6-phosphate deacetylase (NAGPase)
(27). The phosphate ion originating from the crystallization
buffer is liganded to all three metal ions. The Fe1 ion at
metal site M1 is liganded by N-3 nitrogens of His5 (2.2 Å)
and His7 (2.3 Å), carboxylate oxygens of Glu80 (2.4 Å) and
Asp224 (2.5 Å), bridging hydroxide W1 (2.1 Å), and O1
atom of the phosphate ion (2.3 Å) with octahedral geometry.
The Fe2 ion at metal site M2 is liganded by N-3 nitrogens
of His108 (2.3 Å) and His154 (2.4 Å), carboxylate oxygen
of Glu80 (2.3 Å), bridging hydroxide ion (2.0 Å), and O2
atom of the phosphate ion (2.2 Å) with distorted trigonal
bipyramidal geometry. His108 and bridging hydroxide W1
act as axial ligands, and Glu80, His154, and phosphate ion
form the vertices of three equatorial ligands. The Zn ion at

metal site M3 is liganded by N-3 nitrogens of His13 (2.3
Å), His38 (2.3 Å), and His226 (2.3 Å) and by the O3 atom
of phosphate ion (2.1 Å) with distorted tetrahedral geometry.
The bridging hydroxide ion is hydrogen-bonded to the
carboxylate of Asp224, which is the ligand for metal site
M1. The O4 atom of the phosphate ion is hydrogen-bonded
to W2, which interacts with Lys60, Asp116, and W3.

The four conserved motifs, which reside in the C-terminal
half of â-strands or their C-terminal loops and characterize
the PHP superfamily, are His5-h-His7 (C-terminal half of
â-strand 1), h-x-Asp37-His38 (C-terminal half ofâ-strand
2), Asp101-Tyr102-h-Ile104-Gly104-Ser106-h-His108 (â-
strand 4), and h-h-h-x-Ser223-Asp224-x-His226 (â-strand 7
and its C-terminal loop), where h is hydrophobic residue and
x is any residue. Histidine residues and Asp224 of the motifs
act as ligands for metal sites M1 (His5, His7, and Asp224),
M2 (His108), and M3 (His38 and His226). The remaining
residues onâ-strands form the base for the metal sites. In
addition to these motifs, another two motifs, h-Glu80-x-
Asp82 (C-terminal half ofâ-strand 3) and His154-h-Asp156-

FIGURE 3: Active-site structures. (A) Stereoview of the active-site structure in tHisPPase‚PO4
2-. Fe ions, Zn ion, and water molecules

(W1--W3) are presented as green, magenta, and gray circles. The phosphate ion and active-site residues are shown as ball-and-stick
models. Thin and dotted lines represent coordination and hydrogen bonds, respectively. The 2Fo - Fc electron density map contoured at
1.0σ is calculated from the final model with the trinuclear metal center and the phosphate ion omitted. (B) View of the active-site structure
in the unliganded tHisPPase. The structure is quite similar to that of tHisPPase‚PO4

2-. The 2Fo - Fc electron density map is contoured at
1.0σ. (C) Complex model between tHisPPase and the substrate histidinol phosphate. The substrate captured in the active site cavity is
shown as a ball-and-stick model. The interactions of the substrate phosphate moiety with the metal center are the same as those shown in
Figure 3A. Asp116 is hydrogen-bonded to theR-amino group and the N1 atom of the substrate imidazole group. Asp46 interacts with the
N3 atom of the imidazole group.
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h-h-Lsy159 (loop betweenâ-strand 5 andR-helix 5), are
well conserved in monofunctional HisPPases. Glu80 is the
bidentate ligand that bridges metal sites M1 and M2, and
His154 is the ligand for metal site M2. These six motifs
conserved in monofunctional HisPPases are combined to
produce metal binding sites M1, M2, and M3 for tHisPPase
catalysis.

The active-site structure of the unliganded tHisPPase is
quite similar to that of tHisPPase‚PO4

2- except that the
phosphate ion is replaced by a water molecule, W4 (Figure
3B). Water molecule W4 is at distances of 3.4, 3.1, and 3.1
Å from the Fe1, Fe2, and Zn ions, respectively. The trinuclear
metal cluster is liganded by the bridging hydroxide ion (W1)
and active-site residues in the same manner as that in
tHisPPase‚PO4

2-. No significant differences in active-site
structures were observed between tHisPPase‚PO4

2- and
tHisPPase‚SO4

2-.
Structural Comparison of PHP Proteins and Amidohy-

drolases. Program DALI (28) was used to search the Protein
Data Bank for proteins possessing three-dimensional struc-
tures similar to that of tHisPPase. The highestZ scores
(strength of structure similarity) were calculated to be 20.4
for hypothetical YcdX protein fromE. coli (5), 14.1 forP.
horikoshii ribonuclease P protein Ph1877p (7), 12.5 for
Agrobacterium tumefaciensimidazolone propionase (PDB
code 2GOK), 12.0 forE. coli cytosine deaminase (29), 10.2
for E. coli NAGPase (30), 10.2 for E. coli isoaspartyl
dipeptidase (31), 10.0 forE. coli TatD homologue (PDB code
1ZZM), and 9.9 for the PHP domain of DNA polymerase
III from T. aquaticus(6). The DALI results and conserved
metal site residues are listed in order ofZ values in Table 2
together with those forPseudomonas diminutaphosphotri-
esterase (32), B. subtilisNAGPase (27), E. coli dihydrooro-
tase (33), andAlcaligenes faecalisD-aminocylase (34), which
have metal sites M1 and M2 similar to those of tHisPPase.
The proteins listed in Table 2 belong to the PHP family or
the amidohydrolase superfamily. tHisPPase, hypothetical
YcdX protein, ribonuclease P protein component 3, and the
PHP domain of DNA polymerase III are members of the
PHP family; the remaining proteins are members of the
amidohydrolase superfamily. Hypothetical YcdX protein is

a putative phosphoesterase (5). Protein Ph1877p is essential
for ribonuclease P activity (35). TatD and the PHP domain
of DNA polymerase III exhibit metal-dependent nuclease
activity (6, 36) catalyzing the hydrolysis of a phosphoester
bond. The amidohydrolases catalyze the hydrolysis of
carbon-nitrogen bonds in amido or amino groups and
phosphoester bonds (29, 31, 37, 38).

Holm and Sander (8) first demonstrated the existence of
the amidohydrolase superfamily, which have a distorted (âR)8

barrel fold bearing metal sites consisting of conserved
histidine and aspartate residues. Aravind and Koonin (4)
pointed out that the conserved residues in the PHP family
exhibit similarity to those in the amidohydrolase superfamily.
The PHP proteins listed in Table 2 have a distorted (âR)7

barrel structure although one of the barrelâ-strands in DNA
polymerase III runs antiparallel, while amidohydrolases fold
into a distorted (âR)8 TIM-barrel fold (9). The CR atoms
superimposition of the PHP protein onto the amidohydrolases
shows thatâ-strands 1-2 and 4-7 of the (âR)7 barrel fit
â-strands 1-2 and 5-8 of the (âR)8 barrel, respectively
(Figure 5A). The longâ-strand 3 of the (âR)7 barrel extends
from â-strand 3 toâ strand 4 of the (âR)8 barrel with the N-
and C-terminal sides ofâ-strand 3 overlapping withâ-strands
3 and 4 of the (âR)8 barrel, respectively. This suggests that
the (âR)8 barrel of amidohydrolases has evolved from the
(âR)7 barrel of the PHP family proteins or vice versa,
although convergent evolution cannot be completely ex-
cluded because residues other than the metal site ones are
not conserved in the two families. Although the amino acid
residues of an ancestor protein are extensively divergent, the
barrel fold, especially the fold of the barrel inside, is
maintained to produce the base of the metal center, which
is essential for catalysis of the hydrolysis reaction.

Interestingly, the metal center located at the C-terminal
side of the (âR)8 barrel in amidohydrolases is a counterpart
of metal site M1 or metal sites M1 and M2 (dinuclear metal
center) in tHisPPase, hypothetical protein YcdX, and the PHP
domain of DNA polymerase III (Figure 5A). Cytosine
deaminase has metal site M1 in which the Fe1 ion is
surrounded by the residues conserved in PHP family proteins
(29) (Table 2). The metal center ofB. subtilis NAGPase is
a copy of the hydroxo-bridged dinuclear iron center observed
in tHisPPase (27) (Figure 5A). The amino acid residues
coordinated to Fe ions and the coordination geometries
around Fe ions are conserved between NAGPase and
tHisPPase. These results imply that the trinuclear metal center
associated with hydrolysis of the phosphoester bond in the
PHP family is closely related to the mononuclear or dinuclear
metal center in amidohydrolases. Metal site M1 is the most
common in all proteins cited in Table 2, followed by metal
site M2. Metal site M3 is not conserved and seems to be
necessary for the hydrolysis of the phosphoester bond.

Hypothetical protein YcdX belonging to the PHP family
exhibits the highestZ value and sequence identity with
tHisPPase, as shown in Table 2 (5). The main-chain CR
atoms of YcdX are superimposed on those of tHisPPase,
indicating that the barrelâ-strands of the two proteins have
very similar arrangements (Figure 5B), while theR-helices
and some of the loops connectingâ-strands are different in
length and/or in location, and the linker hanging over the
active-site crevice is missing in YcdX. The ligand residues
for the trinuclear metal cluster in tHisPPase are completely

FIGURE 4: Schematic drawing of metal-ligand interactions in the
active site. Hatched lines are coordination bonds and the corre-
sponding bond lengths are shown in angstroms. Metal-metal
distances are also indicated. A dotted line represents the hydrogen
bond between Asp224 and the bridging hydroxide.
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conserved in YcdX. Zn ions originating from the crystal-
lization buffer are bound to three metal sites in YcdX. The
phosphate ions derived from the crystallization buffer reside
on the solvent side of the active site but are not liganded to
Zn ions. The hydroxide ion bridging metal sites M1 and M2

is located at a position different from that in tHisPPase,
resulting in the trigonal bipyramidal and tetrahedral geom-
etries of the coordination in metal sites M1 and M2,
respectively. The different behavior of phosphate and
hydroxide ions between YcdX and tHisPPase may be

FIGURE 5: Comparison of barrel structures, metal sites, and ligand residues in PHP proteins and amidohydrolases. Barrelâ-strands, metal
ions, bridging hydroxides, and ligand residues to the metal center are shown by arrows, large circles, small circles, and lines, respectively.
â-strands 1-7 in tHisPPase are labeled as b1-b7. (A) Superpositioning of CR atoms of tHisPPase onto amidohydrolases. tHisPPase,
cytosine deaminase, and NAG are presented in deep blue, yellow, and red, respectively.â-Strand b3 of tHisPPase ranges fromâ-strand b3
to b4 in amidohydrolases. The hydroxo-bridged dinuclear iron center in tHisPPase is conserved in NAG. (B) Superpositioning of CR atoms
of tHisPPase onto PHP proteins. tHisPPase, hypothetical YcdX protein, ribonuclease P protein Ph1877p, and the PHP domain of DNA
polymerase III are presented in deep blue, red, yellow, and green, respectively. Metal sites M1, M2, and M3 are conserved except in ribonuclease
P protein.

Table 2: DALI Results and the Conserved Metal Site Residues Compared with Those of tHisPPase

M1
b M1,2 M2 M3

protein name PDB codeZ-value sequence identity (%) RMSDa (Å) H5 H7 D224 E80c H108 H154 H13 H38 H226

hypothetical YcdX protein 1m65 20.2 23 2.7 +d + + + + + + + +
RNase P protein Ph1877p 1v77 14.1 9 2.9 -e - - - - - - - -
imidazolone propionase 2gok 12.5 14 3.1 + + + Hf - + Y + N
cytosine deaminase 1k6w 12.0 12 3.4 + + + Hf - - - - -
NAGPase fromE. colig 1ymy 10.2 16 3.7 Q N + + + + - - -
isoaspartyl dipeptidase 1po9 10.2 16 3.5 + + + +h + + - - -
TatD homologue Lzzm 10.0 15 3.4 + + + + + + - - -
PHP domain of Pol IIIi 2hpm 9.9 20 3.5 + + + + C D + +
phosphotriesterase Ldpm 9.4 17 3.7 + + + +h + + - - -
NAGPase fromB. subtilis Lun7 8.9 15 3.8 + + + + + + - - -
dihydroorotase Lj79 8.6 11 4.1 + + + + + - - -
D-aminocyclase Irk6 7.6 17 3.6 + + + Cj + + - - -

a Root-mean-square deviation.b Residues H5, H7, D224, and E80 form the metal site 1 (M1) in tHisPPase.c E80 is involved in both metal sites
M1 and M2. d (+) indicates that the corresponding residue is conserved.e (-) indicates that the corresponding ligand residue is not observed.f E80
is replaced by histidine, which is the ligand residue for M1. g The enzyme binds a single metal at the M2 position (30). h E80 is replaced by a
carboxylated lysine, which is the ligand for metal sites M1 and M2. i DNA polymerase III.j E80 is replaced by cysteine, which is the ligand residue
for M2.
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attributed to the difference in metals bound to sites M1 and
M2. When the metal sites of YcdX are liganded by inherent
metals, the phosphate ion might be liganded to three metals
to reproduce the metal cluster observed in tHisPPase. In that
case, YcdX might hydrolyze a phosphoester bond like
tHisPPase but might have a different substrate specificity
because the residues surrounding the active center are not
conserved.

Ribonuclease P protein Ph1877p, which is classified into
the PHP family, is unusual in that it does not retain any of
the four motifs that characterize the PHP family but has an
arrangement ofâ-strands in the (âR)7 barrel similar to that
in tHisPPase in spite of the low sequence identity of 8%
(7). The amino acid residues associated with the enzymatic
activity of the ribonuclease P are distributed on the surface
of the protein, which is consistent with the lack of the metal
sites formed at the crevice on the C-terminal side of the
barrel. The imidazolone propionase belonging to the ami-
dohydrolase superfamily (Z ) 16.1, sequence identity) 6%)
was shown to have the most similar fold to that of protein
Ph1877p but there is no significant identity in the sequences
of the two proteins, which is reminiscent of the high
structural similarity and low sequence identity between
protein Ph1877p and tHisPPase.

The PHP domain of DNA polymerase III is representative
of the PHP family together with HisPPase (6). The protein
exhibits the second highest sequence identity of 20% with
tHisPPase and retains the three metal sites liganded by
conserved residues similar to those in tHisPPase and YcdX,
although theZ value is relatively low. This implies that the
nuclease activity which hydrolyzes the phosphodiester bond
favors a trinuclear metal center like that in tHisPPase.
â-strand 4 of the PHP domain is antiparallel to the other six
â-strands of the (âR)7 barrel. Nevertheless, theâ-strands of
the barrel are arranged similarly to those in tHisPPase (Figure
5B).

Mechanistic Implication.The hydroxo-bridged dinuclear
metal center (metal sites M1 and M2) of tHisPPase is
commonly observed in metal-dependent amidohydrolases,
in which metal sites M1 and M2 are bridged by a hydroxide
ion and bidentately by a carboxylate group (9, 27, 32, 33,
39, 40). The mechanism of the amidohydrolases, especially
dihydroorotase and phosphotriesterase, has been investigated
in detail (32, 33). The main point of the mechanism proposed
is that the bridging hydroxide ion is a direct nucleophile to

the carbonyl carbon atom in the amide bond or the
phosphorus atom in the P-O bond to be hydrolyzed, and
the invariant aspartate (Asp224 in tHisPPase), which is
liganded to M1 and is hydrogen-bonded to the bridging
hydroxide, acts as an acid-base catalyst (Table 2).

A hydroxo-bridged dinuclear metal center is also found
in a number of phosphatases, especially in purple acid
phosphatases and pyrophosphatases, and is assumed to result
from convergent evolution to catalyze the common hydrolysis
reaction (41). The basic events that occur in the hydrolysis
of the phosphoester bond is the in-line attack by the
nucleophile (hydroxide ion) on the phosphorus atom from
the opposite side of the leaving group, formation of a trigonal
bipyramidal pentacoordinate intermediate in which the nu-
cleophile and the leaving group act as axial ligands, and
release of the leaving group. In the case of purple acid
phosphatases, two mechanisms have been proposed on the
basis of spectroscopic and crystallographic works and are
still under debate (41-43). One is the nucleophilic attack
by a hydroxide ion terminally bound to the dinuclear metal
center on the phosphate monodentately liganded to the other
metal of the center (42). The other, which we favor, is the
nucleophilic attack of the bridging hydroxide on the phos-
phate bidentately liganded to both metals of the dinuclear
center (41, 43). As for the mechanism in pyrophosphatases,
the latter is the predominant mechanism although there are
also two mechanisms proposed (44-46).

The coordination geometry of the phosphate-trinuclear
metal center complex in tHisPPase‚PO42- is a suitable one
for the hydrolysis reaction to proceed through the latter
mechanism described above, although there is no direct
evidence that the phosphate moiety of the substrate interacts
with the metal center similarly to the phosphate ion. The
bridging hydroxide (W1) is at a distance of 3.3 Å from the
phosphorus atom of the phosphate ion and is in the opposite
direction from the P-O3 bond with W1-P-O3 ) 172°
(Figure 3). The Zn ion at metal site M3 interacts with the
O3 atom and is a potential acid catalyst if the O3 atom is
the phosphoester oxygen.

The substrate was modeled into the active site such that
the phosphate moiety is bound to the trinuclear metal center
in a manner similar to the phosphate ion in tHisPPase‚PO4

2-

crystal structure (Figure 3C). The phosphate ion is replaced
by the substrate phosphate, with the phosphate O3 atom
corresponding to the phosphoester oxygen of the substrate.

FIGURE 6: Proposed reaction mechanism. W1 and W2 correspond to those shown in Figure 3A. The bridging hydroxide (W1) makes a
direct attack on the phosphorus atom of the substrate phosphate.
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Asp116, which interacts with the O4 atom of the phosphate
ion in the medium of W2, is the most probable candidate
that forms a hydrogen bond/salt bridge with the amino group
of the substrate (Figure 3). The substrate imidazole group
was placed so as to interact with Asp46 and Asp116. The
model structure was optimized with CHARMm by use of
the default minimize protocol of Discovery Studio 1.6
(Accelrys, San Diego, CA) (47). The constraints were applied
to the distances between the trinuclear metal cluster and the
coordinated atoms. The substrate model fits well the active-
site crevice (Figure 3C) and has reasonable conformational
angles.

The catalytic mechanism proposed for tHisPPase in Figure
6 is based on the X-ray structures of tHisPPase, the enzyme-
substrate complex model described above, and mechanistic
consideration of the reaction, previously reported for ami-
dohydrolases and pyrophosphatases. The active-site structure
of the unliganded enzyme is quite similar to that of
tHisPPase‚PO4

2- except that the phosphate ion in the
complexed enzyme is replaced by a water molecule (W4)
(Figure 3A,B). Upon the approach of the substrate to the
active site, the substrate phosphate takes the place of the
water molecule, W4, to be liganded to the trinuclear metal
site and to form the enzyme-substrate complex (Figure 6A).
The bridging hydroxide is activated by two Fe ions and by
hydrogen-bonding to the carboxylate of Asp224. The elec-
trophilicity of the phosphorus atom is enhanced by the
interactions with the three metal ions. The bridging hydrox-
ide, the phosphorus atom, and the phosphate O3 atom are in
line. The bridging hydroxide ion then makes a nucleophilic
attack on the phosphorus atom to form the trigonal bipyra-
midal transition state, which would be stabilized through
maintenance of the interactions of the phosphate with the
metal center as much as possible (Figure 6B). The geo-
metrical constraint of the transition state makes the phos-
phorus atom move slightly toward the W1 atom to loosen
the P-O3 bond (48), which is polarized by the Zn ion as
the acid catalyst. A plausible candidate for the proton donor
for the substrate O3 is water molecule W2, which is close
to the metal center. W2 is polarized by interactions with
Lys160, Asp116, water molecule W3, and the substrate O4
atom and is at a distance of 3.6 Å from the substrate O3.
W2 adds its proton to the substrate O3 to release histidinol
and to generate a hydroxide ion (Figure 6B,C). The resultant
hydroxide ion might reproduce the hydroxo-bridged dinuclear
metal center as shown in Figure 3B. The substrate enters
the active site to liberate the phosphate ion to form the
enzyme-substrate complex (Figure 6A).

In summary, we have determined the crystal structures of
monofunctionaltHisPPaseastHisPPase‚sSO4

2-,tHisPPase‚PO4
2-,

and unliganded tHisPPase at 1.6, 2.1, and 1.8 Å resolution,
respectively. The sulfate or phosphate ion derived from the
crystallization buffer is liganded to a trinuclear metal center
consisting of a hydroxo-bridged dinuclear iron cluster and a
Zn ion. The (âR)7 barrel fold and the trinuclear metal center
are correlated with the (âR)8 barrel and the metal center in
amidohydrolases, respectively. The architecture of the phos-
phate-metal center complex supports a direct attack of the
bridging hydroxide on the substrate phosphate in the hy-
drolysis of the phosphoester bond.

SUPPORTING INFORMATION AVAILABLE

Anomalous data collection statistics. This material is
available free of charge via the Internet at http://pubs.acs.org.
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