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ABSTRACT. Escherichia colialkaline phosphatase exhibits maximal activity whei*Zills the M1 and

M2 metal sites and Mg 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 maritimand Bacillus 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 phosphatg @ince release ofRs the slow step in the
mechanism at alkaline pH, the enhanced binding ;ahRhe WT_Co structure explains the observed
decrease in activity, while the weakened binding pfrPthe HW_Co structure explains the observed
increase in activity. These alterations ina#inity 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- variations occur at amino acids Aspl153 and Lys328 near
phomonoesterase found in organisms from all kingdoms of the E. coli enzyme M@" binding site (M3). Invariably, the
life. The mechanism of the alkaline phosphatase reactiononly change observed Bt coli position 153 is from an Asp
involves the attack of a serine alkoxide on the phosphorusto a His. The most common change B&t coli alkaline
of the substrate to form a transient covalent enzyme phosphatase position 328 is to a Trp, the exception being a
phosphate complex followed by the hydrolysis of the serine His found in thePyrococcus abyssind eukaryotic enzymes.
phosphateX). Alignment of the sequences from a selection In addition to alkaline phosphatases that utilize?Zand
of alkaline phosphatases shows that the enzymes are veryMg?", there are some that utilize coba® @). Among the
well conserved, especially near the active site. Upon Co?"-requiring enzymes,Thermotoga maritimaalkaline
comparison of residues within 10 A of the phosphate position phosphatase and tHgacillus subtilis phoAllland phoAIV
in the active site of theEscherichia colienzyme to the  gene products have His and TrpEatcoli positions 153 and
corresponding residues in other alkaline phosphatases, the328, respectively. To test whether positions 153 and 328
majority of enzymes are found to conserve most of these alone or in combination determine the metal specificity of
amino acid positions. The residues that directly interact with alkaline phosphatase, we previously prepared by site-specific
the substrate, Ser102 and Arg166, are conserved in all casesnutagenesis the D153H and K328W mutations inEheoli
In theE. colienzyme, the active site contains two?Zions enzyme individually and in combinatiod)(
and one Mg" ion. The residues interacting with the zincat ~ The wild-type and D153H enzymes showed very little
the M1 site (Asp327, His331, and His412) and the residues activity in the presence of Cb. For example, when the Zh
interacting with zinc at the M2 site (Asp51, Asp369, and and Mg are replaced with cobalt in the wild-type enzyme,
His370) are conserved in all compared sequences. The onlythe k., decreases more than 500-fold (Table 1). However,
the ket Of the cobalt-containing K328W enzyme is onhb-
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Table 1: Kinetic Parameters of the Wild-Type and Mutant Alkaline Then the enzyme solution was dialyzed twice versus 40%

Phosphatases under Their Optimal Conditions ammonium sulfate and 10 mM EDTA (pH 9.5), followed
kel Ko by extensive dialysis versus 10 mM Tris and 10 mM EDTA
enzyme Keat (S Km(@M) (M1sl) metal pH (pH 9.0) to remove the ammonium sulfate. The pH was
wild type 167.5+ 6.0 32.7+5.3 5.1 Zn,Mg 8.0 readjusted by another dialysis in 100 mM Tris and 10 mM
wild type 0.3+05 272429  0.001 Co 10.0 EDTA (pH 8.0). Finally, the enzyme solution was dialyzed
Eggg\'/*v 1@;-& 5-576 223(’)%1 ggz g-gg é“”;/'/lg ig-g against 100 mM Tris and Chelex (2.5 g/L) (pH 8.0) to
k3280 31214t 4000L 300 0008 Co M% 100  removethe EDTA. The enzyme solutions were filtered, and

D153H/K328W  8.9£ 0.5 1600+ 116 0.005 Zn,Mg 10.0 the activity was determined. The lack of enzymatic activity

D153H/K328W  43.7+ 1.3 1940+140 002  Co,Mg 10.0 confirmed the absence of metals in the active gijeCobalt
aThe reactions were performed in 1.0 M Tris-HCI at the indicated Sulfate was then added to the apoenzyme solution to a final

pH and 25°C (4). Thekea values were calculated from thg.ax values concentration of 10 mM.

obtained by using a dimer molecular mass of 94 000 Da. Crystallization.The wild-type and D153H/K328W cobalt

enzymes were dialyzed versus a zinc- and magnesium-free

fold lower than thek. of this enzyme in the presence of 10 mM cobalt sulfate, 100 mM Tris, 0.85 M (N[SQ,, 2

Zn?t and M@*. In the case of the D153H/K328W enzyme, MM NaH,PO;, (pH 9.5) protein-stabilization buffer, before

when the ZA&" and Mg" are replaced with cobalt, tHea being concentrated to40 mg/mL. Vapor diffusion was used

increases-5-fold (Table 1) 4). These studies suggested that to crystallize each enzyme using:2 hanging drops. Within

the active site residues His and Trp Bt coli enzyme  approximately 1 week, crystals of the WT_Co enzyme

positions 153 and 328, respectively, partially dictate the metal formed in reservoirs with ammonium sulfate concentrations

specificity of alkaline phosphatase. To understand the ranging from 2.0 to 2.2 M. Crystal sizes varied from 0.6

structural basis for the altered metal specificity and the ability mm x 0.3 mmx 0.3 mm to 0.8 mmx 0.6 mmx 0.3 mm.

of the D153H/K328W enzyme to utilize cobalt for catalysis, Crystals of the HW_Co enzyme require® months to form,

we determined the structures of the inactive wild-tyfpe in reservoirs with the ammonium sulfate concentration

coli enzyme with cobalt in the active site, and of the active ranging from 2.2 to 2.3 M. The size of the crystals formed

D153H/K328W enzyme with cobalt in the active site. varied from 0.8 mmx 0.3 mmx 0.3 mm to 2.2 mmx 0.6
mm x 0.3 mm.
EXPERIMENTAL PROCEDURES Data Collection.Before being mounted, the crystals were
) transferred into a crystal stabilization buffer composed of
Materials 3.0 M (NH,);SQ, 100 mM Tris, 2 mM NaHPQ;, and 10

mM CoSQ (pH 7.5) for at least 24 h. Crystals were
dtransferred to cryo-loops and soaked in a mixture of 80%
crystal stabilization buffer and 20% glycerol ferl 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

26¢. Diffraction data were collected to 1.60 and 1.77 A
or the WT_Co and HW_Co crystals, respectively (Table
2). The data sets were processed with HKL208)0 (

h Model Building and Structure Refinemenifthe initial
model for the refinement of the WT_Co and HW_Co
structures was based on the coordinateg&.ofoli alkaline
Methods phosphatase determined to 1.75 A resolution with all ligands

removed from the active sites (PDB entry 1ED&Q)
Expression and Purification of the Wild-Type and D153H/ Although the crystals of WT_Co and HW_Co are in the same

K328W Alkaline Phosphataseshe wild-type and mutant  space group as those of the starting model, there were

enzymes were isolated from the appropriate pEK548/SM547 significant differences%3 A) along theb andc axes R and

plasmid/strain combinations#) by the method described Ry equaled~28 and 30%, respectively, after the first rigid
previously ). An additional phenyl-Sepharose column body and simulated annealing refinement in CN$)( To
purification step was used for the D153H/K328W enzyme improve the initial model, automated molecular replacement

(4). The purities of the enzymes were checked by SDS (AMoRe) was performed on both data sets using a monomer

polyacrylamide gel electrophores®)(The Bio-Rad version  as the starting model to improve the dimer interface and

of Bradford’s dye-binding assay was used for determination crystal lattice packing.

of protein concentrations using the wild-type enzyme as the  After model building with AMoRe had been carried out,

standard 7). Both wild-type and D153H/K328W enzymes  a round of refinement was performed with CNS. Ten percent

were concentrated to approximately 20 mg/mL before use. of the reflections were not used in the refinement and were
Preparation of Wild-Type and Double Mutant Enzymes used to calculat®q. The metals, phosphate, and sulfate
with Cobalt. The wild-type and D153H/K328W alkaline  were introduced into both structures. After each refinement
phosphatases were rendered metal-free using a procedureycle, visual inspection and manual rebuilding were per-
adapted from Dirnbach et alg); Five milliliter of 20 mg/ formed in XtalView (L2) to improve the workindR andRyee

mL enzyme was dialyzed against 50 mM Tris and 10 mM values. The final stages of the refinement were performed

EDTA (pH 8.0) to remove extraneous metals and phosphate.using SHELX-97 13). After the first round of refinement

Magnesium chloride, zinc chloride, sodium chloride, cobalt
sulfate, sodium dihydrogen phosphate, EDTA, sucrose, an
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 Pharmaci
Biotech (Piscataway, NJ). Protein Assay Dye and Chelex
100 resin were obtained from Bio-Rad. Crystal cryo-
mounting loops were purchased from Hampton Researc
(Laguna Niguel, CA).
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Table 2: Data Collection and Refinement Summary of the WT_Co

and HW_Co Structures

WT_Co

HW_Co

data collection
space group
resolution (A}
total no. of reflections

1222

30-1.60 (1.66-1.60)

1095637

1222
30-1.77 (1.83-1.77)
1345266

Wang et al.

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. Th8 factors for the Trp328 and

p:dfr:;;ﬁ;e re“ecuonsﬁ gﬁ(%zg)"' 121(1)15803) His153 side chains were 49.88 and 27.6% despectively.
completeness (%) 995 94.6 (89.6) The coordination of His153 to the cobalt ion prevents His153
unit cell (&) a=76.475 a=76.208 from forming a water-mediated interaction with Argl66,
Ef igg-gi’; Ef igg-ggg which does occur in the wild-type structure. In this structure,
angles (deg) w=p :'y ~ 90 w=p :'y — 90 Argl_66.|nteracts in a.b|dlendate fashion with a water molecule
Rmerge(%0)2P 5.3(28.8) 8.5 (23.9) and is involved in binding P The averagd factor of the
refinement Arg166 side chain is 33.24Awhile the averag® factor
;?/Se?’gjg;fzﬁ(ﬁ\) 2 o0 ol for the R is 70.84 & with an occupancy of 60% (Table 3).
R 0.191 0.205 Geometry of the Three Metals in the AetiSite of the
Riree 0.212 0.238 WT_Co Structureln the WT_Co structure, each active site
no. of waters s 714 670 has three cobalt ions bound in positions very similar to those
averagd factor (%) 25,83 28.86 observed for the zinc and magnesium ions in the WT_zZn/
bonds (A) 0.0196 0.0248 Mg structure. A summary of the interactions involving the
angles (deg) 1.95 2.17 three cobalt ions in the WT_Co structure as well as the
dihedrals (deg) 24.42 24.36

corresponding distances and angles can be found in Tables

Data in parentheses correspond to the highest-resolution shell.4 and 5, respectively.
® Rierge = 3 (Ink — lpa)/3 e Wherelng is the observed intensity and
I IS the mean intensity of the observed intensity.

The cobalt in the M1 site is coordinated to Asp327,
His331, His412, and;Pand adopts approximate octahedral
geometry (see Figure 2). His4¥Z, Asp32PPL, Asp32PP?,

in SHELX-97, waters were added. The models were returnedand R°? are coplanar, each interacting with the cobalt at
to CNS for finalB factor refinement. The mobility of active
site metals and phosphate was evaluated by inspecting theconfirmed by the presence of electron density avZgkee

Fo — Fc electron density map for alternate positions and by Figure 2 and Table 4). The angles between the two bonding
occupancy refinement in CNS. The findland Ry values
as well as the refinement statistics are reported in Table 2.of the Asp32?PP1—Co—Asp32PP2angle, which is 57 8due

RESULTS

distances between 2.02 and 2.42 A. These interactions are

atoms and the cobalt are all close td® @Xcept in the case

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

Structures of the Wild-Type and D153H/K328W Cobalt ¢, ming optimal coordination with the cobalt. The apical
EnzymesThe data for wild-type AP with cobalt (WT_Co)

and the D153H/K328W enzyme with cobalt (HW_Co) were 4 18 also supports an octahedral geometry for the cobalt
integrated, scaled, and averaged to space gtagg, the

same space group that was observed for the wild-type  1hea copaltion in the M2 site adopts a trigonal bipyramidal
structure with zinc and magnesium (WT_Zn/Mg) (PDB entry geometry (see Figure 2). SerR92 His370'2, Asp369PL,

1ED8) (0. The WT_Co and HW_Co structures were 5nq the cobalt are in the same plane, and the angles between
refined toR values of 19.1 and 20.5% ari}.e values of

21.2 and 23.8% at resolutions of 1.60 and 1.77 A, respec-

His331e2—Co—apical PQ®2 angle of 169.2, which is close

at the M1 site.

the two bonding atoms and the cobalt in the equatorial plane
are 131.8, 113.5, and 115.3, all reasonably close to the

tively. The unit cell dimensions, data collection statistics, expected value of 120The apical [?3—Co—apical Asp369°
and refinement statistics are given in Table 2.
The electron density in the active site region of the WT_Co However, this distortion may be due to the backbone
structure is shown in Figure 1A. When thE,2- F. electron
density map is contoured at 2.@r lower, electron density

angle of 156.7 deviates slightly from the ideal value of 180

restraints the enzyme imposes upon residues in the active
site.

completely covers every residue in the active site, indicating The cobalt ion in the M3 site also adopts an octahedral
the active site is well-refined. The position of the side chain geometry. Three water ligands to the cobalt offer lower
of Lys328 is stabilized by interactions with Asp327 and constraints, making it much easier for this cobalt to attain
Aspl53. Lys328 forms a water-mediated interaction with perfect octahedral geometry. The coordinate bond distances
Asp327 and a salt link with Asp153. There is also a water- range from 1.91 to 2.15 A, and the angles between these
mediated interaction between Asp153 and Argl66. Inorganic bonds range from 83230 98.2, all falling within the ideal
phosphate (fp, the product of the reaction, is positioned in coordination bond distance or angle range (see Figure 2).
the active site pocket via three coordination bonds to the Geometry of the Three Metals in the AetiSite of the
cobalt ions in the M1 and M2 sites. Two phosphate oxygens HW_Co StructureThe geometries of cobalt at the M1 and
also interact in a bidentate fashion with the terminal nitrogens M2 sites in the HW_Co structure are the same as those in
of Arg166. The averagB factor for the side chain of Arg166 the WT_Co structure: octahedral and trigonal bipyramidal,
is 18.87 &, and theB factor for the Ris 24.71 & at 100% based on the observed bond distances and angles (see Figure
occupancy (Table 3). 2).
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Ficure 1: Stereoview of the active site of the WT_Co and HW_Co structures. Shown aré-ghe B. electron density maps for (A)

WT_Co (2.@) and (B) HW_Co (1.2, to show the density of the Arg166 and thg. ®verlaid 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 -5 were prepared using MOLSCRIPZ4).

Table 3: Occupancy anél Factors of Some Ligands and Active two major differences between the structures in the active

Site Residues in the WT_Zn/Mg, WT_Co, HH_Zn, and HW_Co site region. First, there is an alteration in the position of the
Structures Serl02 side chain and, second, a change in the position of
B factor (A%)2 the R. In the WT_Co structure, there is only one conforma-
residue WT Zn/Mg  WT_Co HH_Zn HW_Co tion for the side chain of Ser102, in which Ser?82orms
Ser102 21.10 7.45 27.10 a very strong coordinate bond with the M2 cobalt. In contrast,
Arg166 18.06 18.87 49.25 33.24 there are two conformations of the side chain of Ser102 with
f;gg';ﬁgs% i?:gg 13:32 61"3; %"g‘é occupancies of approximately 40 and 60% in the WT_Zn/
pb 1.00/20.67 1.00/24.71 0.69/76.94 0.60/70.84 Mg structure (PDB entry 1EDS8): the predominant confor-

aThe values reported are the aver&@yactors of the side chains of mation h_as the hydro_xyl of Ser10_2 Coor_d'nated to zinc,
the A and B chains? Reported are the occupancy aBdactor of the whereas in the alternative conformation, this hydroxyl forms
P averaged over the A and B chains. a hydrogen bond with Thr155 (see Figure 3). Inthe WT_Co
structure, the interaction between Serd®and the M2 cobalt
For the cobalt in the M3 site, the side chain of His153 is very strong, as judged by the persistence of the electron
becomes a direct ligand and replaces two of the water density to 4.6. This strong coordinate bond would prevent
molecules that coordinate to the M3 cobalt in the WT_Co the hydroxyl group from rotating to attack the substrate,
structure. Asp53°%, Glu322°F2 His153'P%, and this cobalt  which is consistent with the observed decreakggdvalue
are almost coplanar, with equatorial angles ranging from of the WT_Co enzyme compared with that of the the
110.£# t0 125.3 (Table 4) In addltlon, the GIU3?§LCO_ WT Zn/Mg enzyme 4)
Asp5°PLangle is shifted from 98°lin the WT_Co structure N , )
to 110.4 in HW_Co structure. Take together, these observed  1N€ second major difference between the WT_Co and
angles suggest that the geometry of cobalt at the M3 site WT_Zn/Mg structures is the precise coordination of the P
has changed from octahedral in the WT_Co structure to In the WT_Co structure, the; s shifted 0.16 A closer to
trigonal bipyramidal in the HW_Co structure (see Figure 2). the M1 cobalt and rotatett23° so that the distance between
Active Site Comparison of the WT_Co and WT_Zn/Mg P°3and this cobalt decreases from 2.87 to 2.34 A, allowing
Structures.Comparison of the WT_Co and WT_Zn/Mg direct coordination with the cobalt. The three coordinate
structures after a least-squares fit of the coordinates revealednteractions between the &d the cobalt at the M1 and M2
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Table 4: Metat-Ligand Distances in the Wild Type with Zinc, the Wild Type with Cobalt, D153H/K328H with Zinc, and D153H/K328W

with Cobalt
distance (A)
WT_Zn/M¢P WT_Cd¢ HH_ZrP HW_Ca*
Znl/CoZ? 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
PO, 02 2.04 2.14 - 2.03
PO, 03 2.87 2.34 2.90 2.29
Zn2/Co2 Serl02 OG - 1.91 2.20 212
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
PO, 03 2.10 1.98 - 2.60
Zn3(Mg3)/Co3 Asp51 OD1 2.02 1.94 1.80 1.99
Glu322 OE2 2.10 191 1.85 191
Thrl55 OG1 2.10 2.15 2.20 2.38
Asp/His153 OD1/NE2 - - 2.00 1.98
H,O 1.98 2.03 - -
H,O 1.95 2.14 - 2.35
HO 2.18 2.09 - -

aThe number after the metal refers to the particular metal site in the enzyme (e.g., M1, M2, dr\WIB)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 (ded
WT Co  HW Co
Col His33MN&—Co—PQO,3 169.4 167.5
His41 28— Co—POy°? 104.3 108.4
Asp32PP?—Co—PQO,°? 94.6 107.8
Asp32PP?—Co—Asp327PPL 57.8 55.9
His412¥#2—Co—Asp32PP! 98.4 85.5
Co2 Asp36PP1—-Co—PO,C3 156.7 151.3
Asp51°P2—Co—His370'F? 113.5 102.5
Ser1026—Co—His370'F2 1315 122.0
Asp51°P2—Co—Ser102¢ 115.1 123.4
Co? Thr15%¢-Co—H,0 180.0 180.0
Glu32XF2—Co—Asp51°Pt 98.1 110.4
Asp51°P1—-Co—H,0 92.4
Asp322F2—-Co—H,0 86.4
H,O0—Co—H;O 83.3
Glu32XF2—Co—His153'F? 125.3
Asp51°P1—-Co—His153'F? 123.4

a2 The values came from the average of the A chain angles and B
chain angles? The number after the metal refers to the particular metal
site in the enzyme (e.g., M1, M2, or M3).

sites suggest that the B more tightly bound in the active
site of the WT_Co structure than in the WT_Zn/Mg structure.
Comparison of the Acte Sites of the WT_Co and HW_Co
Structures. Analysis of F, — F., F, — F¢, 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
Aspl153 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.@. The side chain of Trp328 has an aver&jéactor
of 49.88 &. 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.

P is loosely bound in the active site pocket of the HW_Co
structure, exhibiting an occupancy of 0.60 wittBdactor
of 70.84 R. 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 Aet Site of the HW_Co
and HH_Zn Structuredn the structure of the D153H/K328H
alkaline phosphatase (HH_Zn, PDB entry 1ANL4), all
the metal sites have zinc present even though the crystal
stabilization buffer contained both Zhand Mg*'. 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]4).

When the HW_Co and HH_Zn structures were compared
after superposition, differences in the position of theuri
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 Mo longer coordinated to the M1 and
M2 metals and has moved 3.0 A 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 R indicated by longer hydrogen bond lengths
of 3.4 and 2.9 A. All three zinc ions adopt tetrahedral or
distorted tetrahedral geometry based on the mdighnd
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
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Qi Thr156
Glu322§<

His153

Ficure 2: Metal geometry of the six cobalt ions in the WT_Co (top) and HW_Co (bottom) structures. Shown aFg the-2 electron
density maps contoured at 2.@r the WT_Co structure, 12for the M1 and M2 sites, and lo5or the M3 site for the HW_Co structure.
Overlaid on the electron density are the final refined coordinates.

previously mutated. coli AP, introducing His and Trp at
positions 153 and 328, respectivell).(The D153H/K328W
cobalt enzyme has k., 145-fold higher than that of the
cobalt-containing wild-type enzyme. Furthermore, klygof

the D153H/K328W cobalt enzyme is onty3-fold lower
than thekg,; 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
v g alkaline phosphatases.

Ficure 3: Comparison of the position of Ser102 andirPthe One of the major differences between zinc and cobalt is
WT_Co and WT_Zn/Mg structures. Shown is ttf&2- Fc electron  that the 3d orbital is filled for zinc (38) and only partially

density map of the WT_Co structure (2)0Overlaid on the electron . : . .
density are the final refined coordinates of the WT_Co structure filled for cobalt (3d). This d orbital difference allows cobalt

(elemental colors, thick lines) and the WT_Zn/Mg structut6) to form low-spin complexes, while zinc can form only high-

(magenta, thin lines). The ligands with unchanged positions are spin complexes. Zn(ll) is zinc’s predominate oxidation state,
not shown. In the WT_Co structure, the s three coordinate  and it can form high-spin complexes with tetrahedral, trigonal
bonds with cobalt in the M1 and M2 sites, while the Serl02 pinvramidal, or octahedral geometries. Co(ll) and Co(lll) are

hydroxyl group coordinates with cobalt in the M2 site. In the . P ;
V\yT_Zr%;M% Stf:mure, Phas one coordinate bond to the M1 and the Predominate oxidation states of cobalt, allowing the

M2 zinc ions, while the Ser102 hydroxyl group exhibits two formation of high-spin or low-spin complexes. Co(ll) can
conformations, one coordinated to the zinc ion in the M2 site and form low-spin trigonal bipyramidal as well as high-spin
the other interacting with a water (hydroxyl) ligand to the ¥ octahedral geometry, while Co(lll) predominately forms low-

the M3 site. spin octahedral complexe$s).

require cobaltZ, 3). A comparison of metal specificities and M1 Metal Binding SiteThe M1 site in the WT_Zn/Mg
sequence alignments reveals that enzymes that require zinenzyme contains zinc and has a tetragonal pyramidal
and magnesium have Asp at position 153 and Lys at positiongeometry 16). Zr?* interacts with His33152, His412'F2,

328 . colinumbering), while those that require cobalt have Asp327PPL Asp32PP2 and one oxygen of the;.FAn both

His at position 153 and Trp at position 328. We have the WT_Co and HW_Co structures, the cobalt at the M1
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Ficure 4: Comparison of the coordination of cobalt, water, anihRhe active sites of the HW_Co (elemental colors, thick lines) and
WT_Co (magenta, thin lines) structures. Shown is thg 2 F electron density map of the WT_Co structure ().2Vater molecules are
represented as red spheres and cobalt atoms as cyan spheres. The side chains with unchanged positions are not shown.

Glu3d22 Gludz2

His412

Ficure 5: Comparison of the active sites of the HW_Co (elemental colors, thick lines) and HH4y (m{agenta, thin) structures. Metal
positions are represented as cyan spheres, and the water molecule is represented as a red sphere. Dashed lines represent hydrogen bondir
interactions.

site has octahedral geometry (see Figure 2). This is consistentmolecules to approach the cobalt, allowing the cobalt to adopt
with the fact that in known structures of cobalt-containing octahedral geometry. In contrast, in the HW_Co structure,
proteins, the cobalt always adopts octahedral or trigonal His153'2 forms a coordinate bond to the cobalt, taking the
bipyramidal geometry independent of the oxidation state space of two of the three water molecules that interact with
(17—19). The interactions between the cobalt and its ligands the M¢g?" in the WT_Zn/Mg structure (see Figure 4). The
are very strong, based upon the observed electron densityoss of one coordinating ligand makes it energetically
contour levels in the R, — F. electron density maps. These unfavorable for the cobalt to maintain octahedral geometry,
strong interactions are consistent with low-spin Co(lll), but so it adopts dsphybridization and trigonal bipyramidal
the bond lengths are similar to that observed in the WT_Zn/ geometry. The trigonal bipyramidal geometry is verified by
Mg enzyme, suggesting high-spin Co(ll). the expansion of the Glu322>~Co—Asp51°P! angle from

M2 Metal Binding SiteThe M2 site in the WT_Zn/Mg 98.1° to 110.4, and the other two equatorial angles of 123.4
enzyme contains zinc and has a distorted tetrahedral geomand 125.3 (Table 4).
etry. Zi¥" interacts with His37%2, Asp51P1, Asp36FPLY, Co*" versus ZA'. In the HH_Zn structure, all three metal
and one oxygen of ;{16). In contrast to the WT_Zn/Mg  sites are occupied by zin&4). The zinc at the M3 site adopts
structure, the cobalt at the M2 site is observed to have tetrahedral geometry with AspS32, Thr15%¢% Glu322F2
trigonal bipyramidal geometry in both the WT_Co and and His158% as ligands. In the HW_Co structure, the cobalt
HW_Co structures (see Figure 2). at the M3 site adopts trigonal bipyramidal geometry. This

M3 Metal Site.The M3 site in the WT_Zn/Mg enzyme  observation is consistent with the fact that zinc prefers
contains magnesium and has octahedral geometry. TR& Mg tetrahedral over trigonal bipyramidal geometry.
is coordinated to three oxygen atoms from Asp%1 WT_Coversus WT_Zn/Mg Structurealthough the metal
Glu322%2 and Thr158%! and three oxygen atoms from present in the three metal binding sites is the only difference
water molecules1(6). Two of these waters are held in place between the WT_Co and WT_Zn/Mg enzymes, these two
by additional hydrogen bonding interactions with the car- enzymes exhibit entirely different catalytic activities. The
boxylate of Asp153. In addition, the carboxylate of Asp51 wild-type enzyme in the presence of Zrand Mg* has a
acts as a bridge between the M2 and M3 sites. In the WT_Co5000-fold higher catalytic efficiency than the wild-type
structure, the geometry of the cobalt at the M3 site is similar enzyme in the presence of cobalt at basic pH (see Table 1)
to that of Mg in the WT_Zn/Mg structure. However, in the (4). The cobalt ions in the active site coordinate witraP
HW_Co structure, the coordination at this site changes from well as with Ser102° to satisfy their tendency to form an
octahedral to trigonal bipyramidal (see Figure 2). In the octahedral/trigonal bipyramidal geometry. For the wild-type
WT_Co structure, there is sufficient space for three water enzyme with zinc and magnesium, it is known that the release
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of the R from the noncovalent £, complex is the rate-  metal ions influence active site coordination. The requirement
determining step at basic pF2@ 21). In the case of the  of at least five coordination sites by cobalt alters the geometry
WT_Co enzyme, the three coordination bonds between theof the M3 site from tetrahedral in the HH_Zn structure to
cobalt and Penhance phosphate affinity, impeding the rate- trigonal bipyramidal in the HW_Co structure. This alteration
determining step (see Figure 3). Additional rate reduction in M3 geometry results in a substantially higher catalytic
can also be explained by the strong coordination betweenactivity for the HH_Zn enzyme as compared to that of the
the cobalt at the M2 site and Ser®52which would retard wild-type enzyme 23). Overall, these results provide a
the attack of the serine hydroxyl on the phosphorus of the structural basis for understanding how metal substitutions
substrate. in the active site of alkaline phosphatase influence the

The HW_Co Enzyme Has a Higher Ady than the  catalytic activity.
WT_Co Enzyme-or the wild-type enzyme, it is proposed
that Asp153 helps position the side chain of Arg166, by a
water-mediated interaction, to bind; 22). Since this We thank Howard Robinson from Brookhaven National
interaction is absent in the HW_Co structure (see Figure 4), Laboratory for data collection and assistance with data
these mutations should increase the flexibility of the Arg166 processing and R. R. Boulanger for many helpful discussions.
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