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ABSTRACT: Escherichia colialkaline phosphatase exhibits maximal activity when Zn2+ fills the M1 and
M2 metal sites and Mg2+ fills the M3 metal site. When other metals replace the zinc and magnesium, the
catalytic efficiency is reduced by more than 5000-fold. Alkaline phosphatases from organisms such as
Thermotoga maritimaandBacillus subtilisrequire cobalt for maximal activity and function poorly with
zinc and magnesium. Previous studies have shown that the D153H alkaline phosphatase exhibited very
little activity in the presence of cobalt, while the K328W and especially the D153H/K328W mutant enzymes
can use cobalt for catalysis. To understand the structural basis for the altered metal specificity and the
ability of the D153H/K328W enzyme to utilize cobalt for catalysis, we determined the structures of the
inactive wild-typeE. coli enzyme with cobalt (WT_Co) and the structure of the active D153H/K328W
enzyme with cobalt (HW_Co). The structural data reveal differences in the metal coordination and in the
strength of the interaction with the product phosphate (Pi). Since release of Pi is the slow step in the
mechanism at alkaline pH, the enhanced binding of Pi in the WT_Co structure explains the observed
decrease in activity, while the weakened binding of Pi in the HW_Co structure explains the observed
increase in activity. These alterations in Pi affinity are directly related to alterations in the coordination
of the metals in the active site of the enzyme.

Alkaline phosphatase (EC 3.1.3.1) is a nonspecific phos-
phomonoesterase found in organisms from all kingdoms of
life. The mechanism of the alkaline phosphatase reaction
involves the attack of a serine alkoxide on the phosphorus
of the substrate to form a transient covalent enzyme-
phosphate complex followed by the hydrolysis of the serine
phosphate (1). Alignment of the sequences from a selection
of alkaline phosphatases shows that the enzymes are very
well conserved, especially near the active site. Upon
comparison of residues within 10 Å of the phosphate position
in the active site of theEscherichia colienzyme to the
corresponding residues in other alkaline phosphatases, the
majority of enzymes are found to conserve most of these
amino acid positions. The residues that directly interact with
the substrate, Ser102 and Arg166, are conserved in all cases.
In theE. coli enzyme, the active site contains two Zn2+ ions
and one Mg2+ ion. The residues interacting with the zinc at
the M11 site (Asp327, His331, and His412) and the residues
interacting with zinc at the M2 site (Asp51, Asp369, and
His370) are conserved in all compared sequences. The only

variations occur at amino acids Asp153 and Lys328 near
theE. coli enzyme Mg2+ binding site (M3). Invariably, the
only change observed atE. coli position 153 is from an Asp
to a His. The most common change atE. coli alkaline
phosphatase position 328 is to a Trp, the exception being a
His found in thePyrococcus abyssiand eukaryotic enzymes.
In addition to alkaline phosphatases that utilize Zn2+ and
Mg2+, there are some that utilize cobalt (2, 3). Among the
Co2+-requiring enzymes,Thermotoga maritimaalkaline
phosphatase and theBacillus subtilis phoAIIIand phoAIV
gene products have His and Trp atE. coli positions 153 and
328, respectively. To test whether positions 153 and 328
alone or in combination determine the metal specificity of
alkaline phosphatase, we previously prepared by site-specific
mutagenesis the D153H and K328W mutations in theE. coli
enzyme individually and in combination (4).

The wild-type and D153H enzymes showed very little
activity in the presence of Co2+. For example, when the Zn2+

and Mg2+ are replaced with cobalt in the wild-type enzyme,
the kcat decreases more than 500-fold (Table 1). However,
thekcat of the cobalt-containing K328W enzyme is only∼5-
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1 Abbreviations: M1, highest-affinity metal site occupied by Zn2+

in the wild-type enzyme; M2, second metal site occupied by Zn2+ in
the wild-type enzyme; M3, lowest-affinity metal site occupied by Mg2+

in the wild-type enzyme; WT_Zn/Mg, wild-typeE. coli alkaline
phosphatase with Zn2+ in the M1 and M2 sites and Mg2+ in the M3
site (PDB entry 1ED8); WT_Co, wild-typeE. coli alkaline phosphatase
with Co2+ in the M1-M3 sites (PDB entry 1Y6V); HW_Co, mutant
version ofE. coli alkaline phosphatase with Asp153 replaced with His
and Lys328 replaced with Trp with Co2+ in the M1-M3 sites (PDB
entry 1Y7A); HH_Zn, mutant version ofE. coli alkaline phosphatase
with Asp153 and Lys328 are replaced with His with Zn2+ in the M1-
M3 sites (PDB entry 1ANI).
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fold lower than thekcat of this enzyme in the presence of
Zn2+ and Mg2+. In the case of the D153H/K328W enzyme,
when the Zn2+ and Mg2+ are replaced with cobalt, thekcat

increases∼5-fold (Table 1) (4). These studies suggested that
the active site residues His and Trp atE. coli enzyme
positions 153 and 328, respectively, partially dictate the metal
specificity of alkaline phosphatase. To understand the
structural basis for the altered metal specificity and the ability
of the D153H/K328W enzyme to utilize cobalt for catalysis,
we determined the structures of the inactive wild-typeE.
coli enzyme with cobalt in the active site, and of the active
D153H/K328W enzyme with cobalt in the active site.

EXPERIMENTAL PROCEDURES

Materials

Magnesium chloride, zinc chloride, sodium chloride, cobalt
sulfate, sodium dihydrogen phosphate, EDTA, sucrose, and
sodium dodecyl sulfate were purchased from Sigma Chemi-
cal Co. (St. Louis, MO). Tris and enzyme grade ammonium
sulfate were purchased from ICN Biomedicals (Costa Mesa,
CA). Phenyl-Sepharose and Source 15Q strong anion-
exchange resin were purchased from Amersham Pharmacia
Biotech (Piscataway, NJ). Protein Assay Dye and Chelex
100 resin were obtained from Bio-Rad. Crystal cryo-
mounting loops were purchased from Hampton Research
(Laguna Niguel, CA).

Methods

Expression and Purification of the Wild-Type and D153H/
K328W Alkaline Phosphatases.The wild-type and mutant
enzymes were isolated from the appropriate pEK548/SM547
plasmid/strain combinations (4) by the method described
previously (5). An additional phenyl-Sepharose column
purification step was used for the D153H/K328W enzyme
(4). The purities of the enzymes were checked by SDS-
polyacrylamide gel electrophoresis (6). The Bio-Rad version
of Bradford’s dye-binding assay was used for determination
of protein concentrations using the wild-type enzyme as the
standard (7). Both wild-type and D153H/K328W enzymes
were concentrated to approximately 20 mg/mL before use.

Preparation of Wild-Type and Double Mutant Enzymes
with Cobalt. The wild-type and D153H/K328W alkaline
phosphatases were rendered metal-free using a procedure
adapted from Dirnbach et al. (8). Five milliliter of 20 mg/
mL enzyme was dialyzed against 50 mM Tris and 10 mM
EDTA (pH 8.0) to remove extraneous metals and phosphate.

Then the enzyme solution was dialyzed twice versus 40%
ammonium sulfate and 10 mM EDTA (pH 9.5), followed
by extensive dialysis versus 10 mM Tris and 10 mM EDTA
(pH 9.0) to remove the ammonium sulfate. The pH was
readjusted by another dialysis in 100 mM Tris and 10 mM
EDTA (pH 8.0). Finally, the enzyme solution was dialyzed
against 100 mM Tris and Chelex (2.5 g/L) (pH 8.0) to
remove the EDTA. The enzyme solutions were filtered, and
the activity was determined. The lack of enzymatic activity
confirmed the absence of metals in the active site (4). Cobalt
sulfate was then added to the apoenzyme solution to a final
concentration of 10 mM.

Crystallization.The wild-type and D153H/K328W cobalt
enzymes were dialyzed versus a zinc- and magnesium-free
10 mM cobalt sulfate, 100 mM Tris, 0.85 M (NH4)2SO4, 2
mM NaH2PO4 (pH 9.5) protein-stabilization buffer, before
being concentrated to∼40 mg/mL. Vapor diffusion was used
to crystallize each enzyme using 2µL hanging drops. Within
approximately 1 week, crystals of the WT_Co enzyme
formed in reservoirs with ammonium sulfate concentrations
ranging from 2.0 to 2.2 M. Crystal sizes varied from 0.6
mm × 0.3 mm× 0.3 mm to 0.8 mm× 0.6 mm× 0.3 mm.
Crystals of the HW_Co enzyme required∼3 months to form,
in reservoirs with the ammonium sulfate concentration
ranging from 2.2 to 2.3 M. The size of the crystals formed
varied from 0.8 mm× 0.3 mm× 0.3 mm to 2.2 mm× 0.6
mm × 0.3 mm.

Data Collection.Before being mounted, the crystals were
transferred into a crystal stabilization buffer composed of
3.0 M (NH4)2SO4, 100 mM Tris, 2 mM NaH2PO4, and 10
mM CoSO4 (pH 7.5) for at least 24 h. Crystals were
transferred to cryo-loops and soaked in a mixture of 80%
crystal stabilization buffer and 20% glycerol for∼1 min
before being dipped in liquid nitrogen. Data were collected
at the National Synchrotron Light Source at Brookhaven
National Laboratory (Upton, NY) on beamlines X12b and
X26c. Diffraction data were collected to 1.60 and 1.77 Å
for the WT_Co and HW_Co crystals, respectively (Table
2). The data sets were processed with HKL2000 (9).

Model Building and Structure Refinement.The initial
model for the refinement of the WT_Co and HW_Co
structures was based on the coordinates ofE. coli alkaline
phosphatase determined to 1.75 Å resolution with all ligands
removed from the active sites (PDB entry 1ED8) (10).
Although the crystals of WT_Co and HW_Co are in the same
space group as those of the starting model, there were
significant differences (>3 Å) along theb andc axes.R and
Rfree equaled∼28 and 30%, respectively, after the first rigid
body and simulated annealing refinement in CNS (11). To
improve the initial model, automated molecular replacement
(AMoRe) was performed on both data sets using a monomer
as the starting model to improve the dimer interface and
crystal lattice packing.

After model building with AMoRe had been carried out,
a round of refinement was performed with CNS. Ten percent
of the reflections were not used in the refinement and were
used to calculateRfree. The metals, phosphate, and sulfate
were introduced into both structures. After each refinement
cycle, visual inspection and manual rebuilding were per-
formed in XtalView (12) to improve the workingRandRfree

values. The final stages of the refinement were performed
using SHELX-97 (13). After the first round of refinement

Table 1: Kinetic Parameters of the Wild-Type and Mutant Alkaline
Phosphatases under Their Optimal Conditionsa

enzyme kcat (s-1) Km (µM)
kcat/Km

(M-1 s-1) metal pH

wild type 167.5( 6.0 32.7( 5.3 5.1 Zn, Mg 8.0
wild type 0.3( 0.5 272( 29 0.001 Co 10.0
D153H 47.4( 2.7 730( 90 0.06 Zn, Mg 10.0
K328W 167.5( 15.6 2900( 232 0.05 Zn, Mg 10.0
K328W 31.2( 4.5 4000( 300 0.008 Co, Mg 10.0
D153H/K328W 8.9( 0.5 1600( 116 0.005 Zn, Mg 10.0
D153H/K328W 43.7( 1.3 1940( 140 0.02 Co, Mg 10.0

a The reactions were performed in 1.0 M Tris-HCl at the indicated
pH and 25°C (4). Thekcat values were calculated from theVmax values
obtained by using a dimer molecular mass of 94 000 Da.
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in SHELX-97, waters were added. The models were returned
to CNS for finalB factor refinement. The mobility of active
site metals and phosphate was evaluated by inspecting the
Fo - Fc electron density map for alternate positions and by
occupancy refinement in CNS. The finalR andRfree values
as well as the refinement statistics are reported in Table 2.

RESULTS

Structures of the Wild-Type and D153H/K328W Cobalt
Enzymes.The data for wild-type AP with cobalt (WT_Co)
and the D153H/K328W enzyme with cobalt (HW_Co) were
integrated, scaled, and averaged to space groupI222, the
same space group that was observed for the wild-type
structure with zinc and magnesium (WT_Zn/Mg) (PDB entry
1ED8) (10). The WT_Co and HW_Co structures were
refined toR values of 19.1 and 20.5% andRfree values of
21.2 and 23.8% at resolutions of 1.60 and 1.77 Å, respec-
tively. The unit cell dimensions, data collection statistics,
and refinement statistics are given in Table 2.

The electron density in the active site region of the WT_Co
structure is shown in Figure 1A. When the 2Fo - Fc electron
density map is contoured at 2.0σ or lower, electron density
completely covers every residue in the active site, indicating
the active site is well-refined. The position of the side chain
of Lys328 is stabilized by interactions with Asp327 and
Asp153. Lys328 forms a water-mediated interaction with
Asp327 and a salt link with Asp153. There is also a water-
mediated interaction between Asp153 and Arg166. Inorganic
phosphate (Pi), the product of the reaction, is positioned in
the active site pocket via three coordination bonds to the
cobalt ions in the M1 and M2 sites. Two phosphate oxygens
also interact in a bidentate fashion with the terminal nitrogens
of Arg166. The averageB factor for the side chain of Arg166
is 18.87 Å2, and theB factor for the Pi is 24.71 Å2 at 100%
occupancy (Table 3).

The electron density in the active site of the HW_Co
structure is shown in Figure 1B. The positions of the two
mutant residues, His153 and Trp328, were confirmed by
evaluation of simulated annealing omit maps produced with
CNS (11). Trp328 is repositioned toward the solvent and
away from the active site. His153 coordinates directly to the
cobalt ion in the M3 site. TheB factors for the Trp328 and
His153 side chains were 49.88 and 27.64 Å2, respectively.
The coordination of His153 to the cobalt ion prevents His153
from forming a water-mediated interaction with Arg166,
which does occur in the wild-type structure. In this structure,
Arg166 interacts in a bidendate fashion with a water molecule
and is involved in binding Pi. The averageB factor of the
Arg166 side chain is 33.24 Å2, while the averageB factor
for the Pi is 70.84 Å2 with an occupancy of 60% (Table 3).

Geometry of the Three Metals in the ActiVe Site of the
WT_Co Structure.In the WT_Co structure, each active site
has three cobalt ions bound in positions very similar to those
observed for the zinc and magnesium ions in the WT_Zn/
Mg structure. A summary of the interactions involving the
three cobalt ions in the WT_Co structure as well as the
corresponding distances and angles can be found in Tables
4 and 5, respectively.

The cobalt in the M1 site is coordinated to Asp327,
His331, His412, and Pi, and adopts approximate octahedral
geometry (see Figure 2). His412NE2, Asp327OD1, Asp327OD2,
and Pi

O2 are coplanar, each interacting with the cobalt at
distances between 2.02 and 2.42 Å. These interactions are
confirmed by the presence of electron density at 2.0σ (see
Figure 2 and Table 4). The angles between the two bonding
atoms and the cobalt are all close to 90° except in the case
of the Asp327OD1-Co-Asp327OD2 angle, which is 57.8° due
to the restraints imposed by the carboxyl group of Asp327
(Table 5). The requirement to keep the two oxygen atoms
of Asp327 close together prevents these oxygen atoms from
forming optimal coordination with the cobalt. The apical
His331NE2-Co-apical PO4

O3 angle of 169.4°, which is close
to 180°, also supports an octahedral geometry for the cobalt
at the M1 site.

The cobalt ion in the M2 site adopts a trigonal bipyramidal
geometry (see Figure 2). Ser102OG, His370NE2, Asp369OD1,
and the cobalt are in the same plane, and the angles between
the two bonding atoms and the cobalt in the equatorial plane
are 131.5°, 113.5°, and 115.1°, all reasonably close to the
expected value of 120°. The apical PiO3-Co-apical Asp369OD1

angle of 156.7° deviates slightly from the ideal value of 180°.
However, this distortion may be due to the backbone
restraints the enzyme imposes upon residues in the active
site.

The cobalt ion in the M3 site also adopts an octahedral
geometry. Three water ligands to the cobalt offer lower
constraints, making it much easier for this cobalt to attain
perfect octahedral geometry. The coordinate bond distances
range from 1.91 to 2.15 Å, and the angles between these
bonds range from 83.3° to 98.1°, all falling within the ideal
coordination bond distance or angle range (see Figure 2).

Geometry of the Three Metals in the ActiVe Site of the
HW_Co Structure.The geometries of cobalt at the M1 and
M2 sites in the HW_Co structure are the same as those in
the WT_Co structure: octahedral and trigonal bipyramidal,
based on the observed bond distances and angles (see Figure
2).

Table 2: Data Collection and Refinement Summary of the WT_Co
and HW_Co Structures

WT_Co HW_Co

data collection
space group I222 I222
resolution (Å)a 30-1.60 (1.66-1.60) 30-1.77 (1.83-1.77)
total no. of reflections 1095637 1345266
no. of unique reflections 160264 111560
redundancya 6.9 (6.5) 12.0 (10.3)
completeness (%)a 99.5 94.6 (89.6)
unit cell (Å) a ) 76.475 a ) 76.208

b ) 164.257 b ) 164.564
c ) 192.819 c ) 192.636

angles (deg) R ) â ) γ ) 90 R ) â ) γ ) 90
Rmerge(%)a,b 5.3 (28.8) 8.5 (23.9)

refinement
resolution (Å) 30-1.60 30-1.77
average I/σ 14.9 26.6
R 0.191 0.205
Rfree 0.212 0.238
no. of waters 714 670
averageB factor (Å2) 25.83 28.86
rms deviations

bonds (Å) 0.0196 0.0248
angles (deg) 1.95 2.17
dihedrals (deg) 24.42 24.36

a Data in parentheses correspond to the highest-resolution shell.
b Rmerge ) ∑(Ihkl - Ihkl)/∑Ihkl, whereIhkl is the observed intensity and
Ihkl is the mean intensity of the observed intensity.
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For the cobalt in the M3 site, the side chain of His153
becomes a direct ligand and replaces two of the water
molecules that coordinate to the M3 cobalt in the WT_Co
structure. Asp51OD1, Glu322OE2, His153ND1, and this cobalt
are almost coplanar, with equatorial angles ranging from
110.4° to 125.3° (Table 4). In addition, the Glu322OE2-Co-
Asp51OD1 angle is shifted from 98.1° in the WT_Co structure
to 110.4° in HW_Co structure. Take together, these observed
angles suggest that the geometry of cobalt at the M3 site
has changed from octahedral in the WT_Co structure to
trigonal bipyramidal in the HW_Co structure (see Figure 2).

ActiVe Site Comparison of the WT_Co and WT_Zn/Mg
Structures.Comparison of the WT_Co and WT_Zn/Mg
structures after a least-squares fit of the coordinates revealed

two major differences between the structures in the active
site region. First, there is an alteration in the position of the
Ser102 side chain and, second, a change in the position of
the Pi. In the WT_Co structure, there is only one conforma-
tion for the side chain of Ser102, in which Ser102OG forms
a very strong coordinate bond with the M2 cobalt. In contrast,
there are two conformations of the side chain of Ser102 with
occupancies of approximately 40 and 60% in the WT_Zn/
Mg structure (PDB entry 1ED8): the predominant confor-
mation has the hydroxyl of Ser102 coordinated to zinc,
whereas in the alternative conformation, this hydroxyl forms
a hydrogen bond with Thr155 (see Figure 3). In the WT_Co
structure, the interaction between Ser102OG and the M2 cobalt
is very strong, as judged by the persistence of the electron
density to 4.0σ. This strong coordinate bond would prevent
the hydroxyl group from rotating to attack the substrate,
which is consistent with the observed decreasedkcat value
of the WT_Co enzyme compared with that of the the
WT_Zn/Mg enzyme (4).

The second major difference between the WT_Co and
WT_Zn/Mg structures is the precise coordination of the Pi.
In the WT_Co structure, the Pi is shifted 0.16 Å closer to
the M1 cobalt and rotated∼23° so that the distance between
Pi

O3 and this cobalt decreases from 2.87 to 2.34 Å, allowing
direct coordination with the cobalt. The three coordinate
interactions between the Pi and the cobalt at the M1 and M2

FIGURE 1: Stereoview of the active site of the WT_Co and HW_Co structures. Shown are the 2Fo - Fc electron density maps for (A)
WT_Co (2.0σ) and (B) HW_Co (1.2σ, to show the density of the Arg166 and the Pi). Overlaid on the electron density are the final refined
coordinates. Water molecules are shown as red spheres and Co atoms as larger cyan spheres. Dashed lines represent hydrogen bonds.
Figures 1-5 were prepared using MOLSCRIPT (24).

Table 3: Occupancy andB Factors of Some Ligands and Active
Site Residues in the WT_Zn/Mg, WT_Co, HH_Zn, and HW_Co
Structures

B factor (Å2)a

residue WT_Zn/Mg WT_Co HH_Zn HW_Co

Ser102 21.10 7.45 27.10
Arg166 18.06 18.87 49.25 33.24
Asp/His153 19.03 19.28 7.92 27.64
Lys/His/Trp328 17.40 19.06 64.99 49.88
Pi

b 1.00/20.67 1.00/24.71 0.69/76.94 0.60/70.84

a The values reported are the averageB factors of the side chains of
the A and B chains.b Reported are the occupancy andB factor of the
Pi averaged over the A and B chains.
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sites suggest that the Pi is more tightly bound in the active
site of the WT_Co structure than in the WT_Zn/Mg structure.

Comparison of the ActiVe Sites of the WT_Co and HW_Co
Structures.Analysis of 2Fo - Fc, Fo - Fc, and simulated
annealing omit maps indicated that the HW_Co structure
differed significantly from the WT_Co structure locally in
the active site region (see Figure 4). The salt link between
Asp153 and Lys328, present in the WT_Zn/Mg and WT_Co
structures, is absent in the HW_Co structure. In the HW_Co
structure, Trp328 is found flipped out of the active site;
furthermore, the new position is not well defined, as indicated
by a lack of electron density even at a contour level as low
as 1.0σ. The side chain of Trp328 has an averageB factor
of 49.88 Å2. The side chain of His153 coordinates directly
with the M3 cobalt, changing the cobalt geometry from
octahedral in the WT_Co structure to trigonal bipyramidal
in the HW_Co structure.

Pi is loosely bound in the active site pocket of the HW_Co
structure, exhibiting an occupancy of 0.60 with aB factor
of 70.84 Å2. These values provide an explanation for the
reduced affinity of the substrate observed for the HW_Co
enzyme as compared to those for the WT_Co and WT_Zn/
Mg enzymes (4).

Structural Comparison of the ActiVe Site of the HW_Co
and HH_Zn Structures.In the structure of the D153H/K328H
alkaline phosphatase (HH_Zn, PDB entry 1ANI) (14), all
the metal sites have zinc present even though the crystal
stabilization buffer contained both Zn2+ and Mg2+. The
D153H mutation resulted in the conversion of the M3 site
for a magnesium to a zinc site, as was verified in the structure
of the D153H single mutant (PDB entry 2ANH) (14).

When the HW_Co and HH_Zn structures were compared
after superposition, differences in the position of the Pi and
the side chains of some active site residues were observed,
as well as the coordination geometry of the metal ions (see
Figure 5).

In contrast to its location in the HW_Co structure, in the
HH_Zn structure the Pi no longer coordinated to the M1 and
M2 metals and has moved 3.0 Å out of the active site toward
the solvent. Arg166 is repositioned, losing two coordinate
bonds with water molecules, and shows two weak hydrogen
bonds to the Pi, indicated by longer hydrogen bond lengths
of 3.4 and 2.9 Å. All three zinc ions adopt tetrahedral or
distorted tetrahedral geometry based on the metal-ligand
distances in the HH_Zn structure (Table 3). In the HW_Co
structure, a water molecule coordinates to the M3 cobalt;
however, there is no water coordinated to the zinc at the
M3 site in the HH_Zn structure. This water molecule
switches the geometry of the metal from tetrahedral in the
HH_Zn structure to trigonal bipyramidal in the HW_Co
structure.

DISCUSSION

The metal specificity of a number of alkaline phosphatases
is known. Many require zinc and magnesium; however, some

Table 4: Metal-Ligand Distances in the Wild Type with Zinc, the Wild Type with Cobalt, D153H/K328H with Zinc, and D153H/K328W
with Cobalt

distance (Å)

WT_Zn/Mgb WT_Cob,c HH_Znb HW_Cob,c

Zn1/Co1a His412 NE2 2.02 2.08 1.99 2.07
His331 NE2 2.08 2.02 2.10 2.13
Asp327 OD1 2.13 2.02 2.30 2.46
Asp327 OD2 2.42 2.42 2.10 2.19
PO4 O2 2.04 2.14 - 2.03
PO4 O3 2.87 2.34 2.90 2.29

Zn2/Co2a Ser102 OG - 1.91 2.20 2.12
Asp51 OD2 2.08 1.94 1.90 2.06
Asp369 OD1 1.80 2.04 1.96 1.96
His370 NE2 2.03 1.97 2.00 2.20
PO4 O3 2.10 1.98 - 2.60

Zn3(Mg3)/Co3a Asp51 OD1 2.02 1.94 1.80 1.99
Glu322 OE2 2.10 1.91 1.85 1.91
Thr155 OG1 2.10 2.15 2.20 2.38
Asp/His153 OD1/NE2 - - 2.00 1.98
H2O 1.98 2.03 - -
H2O 1.95 2.14 - 2.35
H2O 2.18 2.09 - -

a The number after the metal refers to the particular metal site in the enzyme (e.g., M1, M2, or M3).b WT_Zn/Mg, wild-type with zinc and
magnesium (PDB entry 1ED8); HH_Zn, D153H/K328H with zinc (PDB entry 1ANI); WT_Co: wild type with cobalt; HW_Co, D153H/K328W
with cobalt.c The distances are the average of the distances in A and B chains.

Table 5: Ligand-Metal-Ligand Angles in the WT_Co and
HW_Co Structures

angle (deg)a

WT_Co HW_Co

Co1b His331NE2-Co-PO4
O3 169.4 167.5

His412NE2-Co-PO4
O2 104.3 108.4

Asp327OD2-Co-PO4
O2 94.6 107.8

Asp327OD2-Co-Asp327OD1 57.8 55.9
His412NE2-Co-Asp327OD1 98.4 85.5

Co2b Asp369OD1-Co-PO4
O3 156.7 151.3

Asp51OD2-Co-His370NE2 113.5 102.5
Ser102OG-Co-His370NE2 131.5 122.0
Asp51OD2-Co-Ser102OG 115.1 123.4

Co3b Thr155OG1-Co-H2O 180.0 180.0
Glu322OE2-Co-Asp51OD1 98.1 110.4
Asp51OD1-Co-H2O 92.4
Asp322OE2-Co-H2O 86.4
H2O-Co-H2O 83.3
Glu322OE2-Co-His153NE2 125.3
Asp51OD1-Co-His153NE2 123.4

a The values came from the average of the A chain angles and B
chain angles.b The number after the metal refers to the particular metal
site in the enzyme (e.g., M1, M2, or M3).
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require cobalt (2, 3). A comparison of metal specificities and
sequence alignments reveals that enzymes that require zinc
and magnesium have Asp at position 153 and Lys at position
328 (E. coli numbering), while those that require cobalt have
His at position 153 and Trp at position 328. We have

previously mutatedE. coli AP, introducing His and Trp at
positions 153 and 328, respectively (4). The D153H/K328W
cobalt enzyme has akcat 145-fold higher than that of the
cobalt-containing wild-type enzyme. Furthermore, thekcat of
the D153H/K328W cobalt enzyme is only∼3-fold lower
than thekcat of the Zn- and Mg-containing wild-type enzyme
(see Table 1). Here we use X-ray crystallography to
determine the structures of the wild-type and D153H/K328W
enzymes with cobalt as the metal cofactor to clarify the
structural basis of the altered metal specificity of these
alkaline phosphatases.

One of the major differences between zinc and cobalt is
that the 3d orbital is filled for zinc (3d10) and only partially
filled for cobalt (3d7). This d orbital difference allows cobalt
to form low-spin complexes, while zinc can form only high-
spin complexes. Zn(II) is zinc’s predominate oxidation state,
and it can form high-spin complexes with tetrahedral, trigonal
bipyramidal, or octahedral geometries. Co(II) and Co(III) are
the predominate oxidation states of cobalt, allowing the
formation of high-spin or low-spin complexes. Co(II) can
form low-spin trigonal bipyramidal as well as high-spin
octahedral geometry, while Co(III) predominately forms low-
spin octahedral complexes (15).

M1 Metal Binding Site.The M1 site in the WT_Zn/Mg
enzyme contains zinc and has a tetragonal pyramidal
geometry (16). Zn2+ interacts with His331NE2, His412NE2,
Asp327OD1, Asp327OD2, and one oxygen of the Pi. In both
the WT_Co and HW_Co structures, the cobalt at the M1

FIGURE 2: Metal geometry of the six cobalt ions in the WT_Co (top) and HW_Co (bottom) structures. Shown are the 2Fo - Fc electron
density maps contoured at 2.0σ for the WT_Co structure, 1.2σ for the M1 and M2 sites, and 1.5σ for the M3 site for the HW_Co structure.
Overlaid on the electron density are the final refined coordinates.

FIGURE 3: Comparison of the position of Ser102 and Pi in the
WT_Co and WT_Zn/Mg structures. Shown is the 2Fo - Fc electron
density map of the WT_Co structure (2.0σ). Overlaid on the electron
density are the final refined coordinates of the WT_Co structure
(elemental colors, thick lines) and the WT_Zn/Mg structure (10)
(magenta, thin lines). The ligands with unchanged positions are
not shown. In the WT_Co structure, the Pi has three coordinate
bonds with cobalt in the M1 and M2 sites, while the Ser102
hydroxyl group coordinates with cobalt in the M2 site. In the
WT_Zn/Mg structure, Pi has one coordinate bond to the M1 and
M2 zinc ions, while the Ser102 hydroxyl group exhibits two
conformations, one coordinated to the zinc ion in the M2 site and
the other interacting with a water (hydroxyl) ligand to the Mg2+ in
the M3 site.
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site has octahedral geometry (see Figure 2). This is consistent
with the fact that in known structures of cobalt-containing
proteins, the cobalt always adopts octahedral or trigonal
bipyramidal geometry independent of the oxidation state
(17-19). The interactions between the cobalt and its ligands
are very strong, based upon the observed electron density
contour levels in the 2Fo - Fc electron density maps. These
strong interactions are consistent with low-spin Co(III), but
the bond lengths are similar to that observed in the WT_Zn/
Mg enzyme, suggesting high-spin Co(II).

M2 Metal Binding Site.The M2 site in the WT_Zn/Mg
enzyme contains zinc and has a distorted tetrahedral geom-
etry. Zn2+ interacts with His370NE2, Asp51OD1, Asp369OD1,
and one oxygen of Pi (16). In contrast to the WT_Zn/Mg
structure, the cobalt at the M2 site is observed to have
trigonal bipyramidal geometry in both the WT_Co and
HW_Co structures (see Figure 2).

M3 Metal Site.The M3 site in the WT_Zn/Mg enzyme
contains magnesium and has octahedral geometry. The Mg2+

is coordinated to three oxygen atoms from Asp51OD2,
Glu322OE2, and Thr155OG1 and three oxygen atoms from
water molecules (16). Two of these waters are held in place
by additional hydrogen bonding interactions with the car-
boxylate of Asp153. In addition, the carboxylate of Asp51
acts as a bridge between the M2 and M3 sites. In the WT_Co
structure, the geometry of the cobalt at the M3 site is similar
to that of Mg in the WT_Zn/Mg structure. However, in the
HW_Co structure, the coordination at this site changes from
octahedral to trigonal bipyramidal (see Figure 2). In the
WT_Co structure, there is sufficient space for three water

molecules to approach the cobalt, allowing the cobalt to adopt
octahedral geometry. In contrast, in the HW_Co structure,
His153NE2 forms a coordinate bond to the cobalt, taking the
space of two of the three water molecules that interact with
the Mg2+ in the WT_Zn/Mg structure (see Figure 4). The
loss of one coordinating ligand makes it energetically
unfavorable for the cobalt to maintain octahedral geometry,
so it adopts dsp3 hybridization and trigonal bipyramidal
geometry. The trigonal bipyramidal geometry is verified by
the expansion of the Glu322OE2-Co-Asp51OD1 angle from
98.1° to 110.4°, and the other two equatorial angles of 123.4°
and 125.3° (Table 4).

Co2+ Versus Zn2+. In the HH_Zn structure, all three metal
sites are occupied by zinc (14). The zinc at the M3 site adopts
tetrahedral geometry with Asp51OD2, Thr155OG1, Glu322OE2,
and His153NE2 as ligands. In the HW_Co structure, the cobalt
at the M3 site adopts trigonal bipyramidal geometry. This
observation is consistent with the fact that zinc prefers
tetrahedral over trigonal bipyramidal geometry.

WT_CoVersus WT_Zn/Mg Structures. Although the metal
present in the three metal binding sites is the only difference
between the WT_Co and WT_Zn/Mg enzymes, these two
enzymes exhibit entirely different catalytic activities. The
wild-type enzyme in the presence of Zn2+ and Mg2+ has a
5000-fold higher catalytic efficiency than the wild-type
enzyme in the presence of cobalt at basic pH (see Table 1)
(4). The cobalt ions in the active site coordinate with Pi as
well as with Ser102OG to satisfy their tendency to form an
octahedral/trigonal bipyramidal geometry. For the wild-type
enzyme with zinc and magnesium, it is known that the release

FIGURE 4: Comparison of the coordination of cobalt, water, and Pi in the active sites of the HW_Co (elemental colors, thick lines) and
WT_Co (magenta, thin lines) structures. Shown is the 2Fo - Fc electron density map of the WT_Co structure (1.2σ). Water molecules are
represented as red spheres and cobalt atoms as cyan spheres. The side chains with unchanged positions are not shown.

FIGURE 5: Comparison of the active sites of the HW_Co (elemental colors, thick lines) and HH_Zn (14) (magenta, thin) structures. Metal
positions are represented as cyan spheres, and the water molecule is represented as a red sphere. Dashed lines represent hydrogen bonding
interactions.
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of the Pi from the noncovalent E‚Pi complex is the rate-
determining step at basic pH (20, 21). In the case of the
WT_Co enzyme, the three coordination bonds between the
cobalt and Pi enhance phosphate affinity, impeding the rate-
determining step (see Figure 3). Additional rate reduction
can also be explained by the strong coordination between
the cobalt at the M2 site and Ser102OG, which would retard
the attack of the serine hydroxyl on the phosphorus of the
substrate.

The HW_Co Enzyme Has a Higher ActiVity than the
WT_Co Enzyme.For the wild-type enzyme, it is proposed
that Asp153 helps position the side chain of Arg166, by a
water-mediated interaction, to bind Pi (22). Since this
interaction is absent in the HW_Co structure (see Figure 4),
these mutations should increase the flexibility of the Arg166
side chain, which in turn should result in reduced Pi affinity.
Higher B factors determined for Arg166 in the HW_Co
structure support the notion that this side chain has enhanced
flexibility, and help explain why the HW_Co enzyme had
20-fold higher catalytic efficiency than the WT_Co enzyme
(4).

D153H/K328W Alkaline Phosphatase Prefers Cobalt for
ActiVity. Previous kinetic studies have shown that the wild-
type enzyme loses almost all catalytic activity when the zinc
and magnesium in the active site are changed to cobalt.
However, only two mutations (D153H and K328W) are
required to convert the wild-type enzyme into an enzyme
that can function effectively with cobalt (4) (see Table 1).
Our studies provide a structural explanation for why the wild-
type enzyme exhibits almost no activity when cobalt is the
metal cofactor, whereas the HW_Co enzyme is active with
cobalt as the metal cofactor.

Stable complexes of cobalt are low-spin with stronger
coordination bonds than those in the high-spin complexes
formed by zinc ions. These strong interactions hold active
site residues tightly and therefore may severely compromise
the ability of the Ser102 hydroxyl to function as a nucleo-
phile. The strong interaction between Ser102OG and the cobalt
explains the diminished activity in the WT_Co enzyme
compared to that in the WT_Zn/Mg enzyme.

Summary.The tighter binding of the Pi as well as the rigid
position of Ser102OG in the WT_Co structure causes a slower
rate of Pi release, as well as a reduction in the rate of the
nucleophilic attack by Ser102OG on the substrate. These
changes explain the dramatic decrease in enzymatic activity
when zinc and magnesium in the wild-type enzyme are
replaced with cobalt. A comparison of the WT_Co with
HW_Co structures clarifies the influence of the mutation on
metal ion specificity. When Asp153 is mutated to His,
His153 directly coordinates to the cobalt in the M3 site,
causing a switch of geometry from octahedral in the WT_Co
structure to trigonal bipyramidal in the HW_Co structure.
Because the carboxylate of Asp51 bridges the M2 and M3
sites, this alteration in coordinate geometry at the M3 site
has a ripple effect, resulting in a weaker interaction between
Ser102OG and the cobalt at the M2 site as well as a weaker
interaction between Pi and the cobalt. Taken together, these
alterations result in a substantially higher enzymatic activity
in the HW_Co enzyme compared to that in the WT_Co
enzyme. Finally, the comparison of HW_Co and HH_Zn
structures provides structural details about how different

metal ions influence active site coordination. The requirement
of at least five coordination sites by cobalt alters the geometry
of the M3 site from tetrahedral in the HH_Zn structure to
trigonal bipyramidal in the HW_Co structure. This alteration
in M3 geometry results in a substantially higher catalytic
activity for the HH_Zn enzyme as compared to that of the
wild-type enzyme (23). Overall, these results provide a
structural basis for understanding how metal substitutions
in the active site of alkaline phosphatase influence the
catalytic activity.
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