
Table S1: Survey of tungstate geometries in enzyme active sites.

EC PDB W–Ononbridge catalytic distance to equatorial axial geometryc

number code distance (Å) residue nucleophile (Å) angles (◦)a angle (◦)b

EP(4) acid 3.1.3.2 3ET5 2.0 Asp 2.4 116 (2) 174 distorted trig.
phosphatase bipyramidal

hexose phosphate 3.1.3.2 2RB5 1.7 Asp 2.3 119 (1) 174 trigonal
phosphatase bipyramidal

hexose phosphate 3.1.3.2 2RAV 1.7 Asp 2.7 115 (3) 177 distorted
phosphatase (D10A) tetrahedral

acylneuraminate 2.7.7.43 3E84 2.0 Asp 2.5 115 (2) 174 distorted
cytidyltransferase tetrahedral

class C acid 3.1.3.2 2I34 2.0 Asp 2.6 115 (1) 177 distorted
phosphatase tetrahedral

Mg2+-dependent 3.1.3.48 1U7P 1.5 Asp 2.8 110 (0.3) 160 tetrahedralphosphatase

protein tyrosine 3.1.3.48 2I6M 1.6 Cys 4.0 110 (0.8) 172 tetrahedralphosphatase

protein tyrosine 3.1.3.48 3F9A 2.0 Cys 3.2 114 (0.5) 176 distorted
phosphatase (W354F) tetrahedral

Cdc25B tyrosine 3.1.3.48 1CWS 1.8 Cys 3.3 111 (5) 176 tetrahedralphosphatase

phosphohistidine 3.1.3.- 1UJC 1.7 His 2.5 112 (2) 171 distorted
phosphatase sixA tetrahedral

ecdysone phosphate 3.1.3.- 3C7T 2.0 His 2.5 116 (3) 176 distorted
phosphatase tetrahedral

phospholipase D 3.1.4.4 1V0Rd 2.0 His 2.2 90 (12) 174 octahedral

DNA 3.1.4.- 1MU7e 1.7 His 2.3 90 (7) 172 octahedralphosphodiesterase

alkaline 3.1.3.1 5C66 2.1 Ser 2.2 119 (2) 164 trigonal
phosphatase bipyramidal

Crystal structures were evaluated if the tungstate molecule was bound in the enzyme’s active site and the resolution was ≤ 2.0 Å.
a The equatorial angles were defined as O–W–O, where each O was a non-bridging oxygen in the plane orthogonal to the bond formed between
the tungsten atom and the nearest protein residue, as indicated in the schematic below. The average of the three (or four in the case of octahedral
geometries) bonds is listed, with standard deviation in parenthesis.
b The axial angle refers to the angle between the nucleophilic atom, the tungsten atom, and the oxygen atom that is expected to bear the leaving
group during the reaction. In the case of octahedral geometries, the oxygen atom most colinear with the nucleophilic atom and tungsten atom
was used as the third atom.
c Geometry was classified based on the number of ligands to the tungsten atom: 4, 5, and 6 for tetrahedral, trigonal bipyramidal, and octahedral,
respectively. An atom was considered a tungstate ligand if its distance to the tungsten atom was below 2.5 Å; this cut-off distance was based
on the distribution of W-O bond lengths in small molecule crystal structures (Supplementary Figure 2). The designation ’distorted’ was used if
the equatorial angles diverged from the expected 110◦ and 120◦ for tetrahedral and trigonal bipyramidal, respectively.
d In this structure a pentavalent tungstate (WO5) co-crystallized with the enzyme.
e In this structure a covalent adduct between tungstate and glycerol was observed.
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Fig. S1: Placement of tungstate during model refinement. Shown is the Fo-Fc difference electron density
(contoured at 3σ and colored green) in the active site (a) before modeling ligand and with a Mg2+ ion in
the third metal site, (b) after substituting a Zn2+ ion for the Mg2+ ion, (c) after modeling a tungsten atom at
half-occupancy, and (d) after modeling a half-occupied tungstate ion and partially-occupied water molecules
that coordinate the Zn2+ ions. In (a) and (b), the difference map is overlaid with the Fo-Fc electron density
(contoured at 6σ and colored yellow) of the anomalous scattering map, which was used to position the
tungsten atom relative to the Zn2+ ions. Zn2+ ions are colored dark grey; Mg2+ ion, tan; tungsten, cyan;
Ser102 and Arg166, light grey. Waters are shown as red crosses. For clarity, only one active site is shown.
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Table S2: Survey of small molecule crystals containing phosphate, tungstate, or vanadate.

MO4 MO5 (MO4X)a MO6

P W V P W V P W V

Number of 3080 21 52 71 (197) 9 (41) 117 (379) 109 112 146structures

M–O bonds

Mean bond 1.54 1.78 1.74 1.67 (1.66) 1.87 (1.92) 1.88 (1.83) 1.70 1.93 1.99
length (Å)

Standard 0.06 0.05 0.13 0.18 (0.13) 0.09 (0.10) 0.15 (0.16) 0.17 0.15 0.19
deviation (Å)

Range (Å) 1.12-2.33 1.70-1.91 1.41-2.15 1.48-2.78 1.66-2.18 1.54-2.34 1.42-2.72 1.68-2.39 1.57-2.96(1.20-2.78) (1.66-2.46) (1.51-2.40)

Fraction longer 0 0 0 0.04 (0.02) 0 (0.01) 0.01 (0.01) 0.05 0.07 0.08
than 2.2 (Å)

Geometry
(Fraction)

Tetrahedralb 0.31 0.86 0.54 0 (0) 0 (0) 0 (0) 0 0 0

Trigonal 0.01 0 0.02 0.41 (0.38) 0 (0.02) 0.04 (0.06) 0 0 0bipyramidalc

Octahedral or square 0 0.14 0 0.11 (0.12) 0.89 (0.63) 0.04 (0.02) 0.01 0.33 0.29
pyramidal/planard

The Cambridge Structural Database [1] was queried for all structures that minimally contained the formula M1O>3, where M corresponds to
phosphorus (P), tungsten (W), or vanadium (V) as indicated.
a Due to the small sample size of pentacoordinate tungstate with only oxygen ligands (WO5), structures containing WO4X1, where X is any atom,
were assessed; these values are listed in parenthesis. The same analysis was performed for PO4X1 and VO4X1 structures.
b A structure was classified as tetrahedral if all of its bonds fell between 105 and 115◦.
c A structure was classified as trigonal bipyramidal if three of its bonds fell between 115 and 125◦. For MO4, this entails a strained geometry if
one of the apical ligands is missing.
d A structure was classified as octahedral (or square pyramidal and square planar in the case of penta- and tetra-coordinate molecules, respectively,)
if four or eight of its bonds fell between 85 and 95◦. Square pyramidal and square planar geometries are observed when four of the tungsten ligands
are coplanar and one or two apical ligands are missing, respectively.
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Fig. S2: Distribution of oxyanion bond lengths and angles in the Cambridge Structural Database. (a)
Bond lengths observed in small molecule compounds of phosphate, tungstate, and vanadate, were evaluated
and separated by the number of coordinating ligands. Because few cases of pentavalent tungstate species
with only oxygen ligands were observed, pentacoordinate species with at least four oxygen ligands (denoted
MO4X1, where M corresponds to P, W, or V, and X is any element) were additionally assessed. (b) Subset
of the data from part (a), with the lighter and darker colors corresponding to M-O bonds where the O atom
has no additional ligand or is esterified, respectively. (c) Distribution of bond angles for the small molecule
compounds in part (a). In all three panels, n denotes the total number of bond lengths or angles. In the case
of (b), the upper and lower numbers correspond to the number of oxygen atoms without additional covalent
bonds or esterified, respectively.
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Fig. S3: Structure of the tungstate-bound AP active site and in comparison to other bound anionic
ligands. (a) Overlay of the active sites of AP in complex with tungstate (blue) and vanadate (red). (b)
Overlay of the active sites of AP bound covalently (grey) and non-covalently (black) to phosphate. The PDB
codes for AP in complex with vanadate, noncovalently-bound phosphate, and covalently-bound phosphate
are 1B8J, 3TG0, and 1HJK, respectively. Atom nomenclature relevant for Tables S3-5 is defined in (a).
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Table S3: Ligand geometry in the AP active site.

Tungstate Vanadate Phosphate Phosphate
(noncovalent) (covalent)

O1–X–O2 118 117 111 110
O2–X–O3 120 121 110 112
O3–X–O1 119 121 110 107
O4–X–O5 164 170 150 NA

X denotes the anion’s center atom, and nomenclature for the oxygen
atoms is defined in Fig. S3a. The axial angle (fourth row) for non-
covalently bound phosphate includes a non-covalent bond: O4–X··O5.
Values are listed in degrees.

Table S4: Hydrogen bonds between AP ligands and Arg166.

Phosphate Phosphate
Tungstate Vanadate noncovalent covalent

Donor-Acceptor N1-H·O3 N2-H·O2 N1-H·O3 N2-H·O2 N1-H·O3 N2-H·O2 N1-H·O3 N2-H·O2

Distance (Å) 2.6 2.7 2.8 3.0 2.8 2.8 3.4 3.2
Angle (◦) 155 156 162 169 168 178 136 150

The positions of the hydrogen atoms in these crystal structures were predicted by Pymol [2]. Nomenclature for the nitrogen
atoms of Arg166 and the oxygen atoms of the ligand are defined in Fig. S3a.

Table S5: Ligand coordination of the active site Zn2+ ions.

Tungstate Vanadate Phosphate Phosphate
(noncovalent) (covalent)

Zn2+(2) ·· O5 2.1 1.9 2.0 1.8
Zn2+(2) ·· O1 2.0 2.2 2.0 2.6
Zn2+(1) ·· O1 2.1 2.1 2.7 2.0
Zn2+(1) ·· O4 2.0 2.4 1.8 NA

Values are listed in Å. See Fig. S3a for atom nomenclature.
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Fig. S4: Active site water network in the presence of different anionic ligands. Waters coordinated by
the Mg2+ ion or K328 are shown in the overlay of AP bound to phosphate (covalently and non-covalently),
tungstate, and vanadate. In the crystal structure of tungstate-bound AP, a Zn2+ ion occupied the Mg2+ site;
nevertheless, the water network was similar to those observed in the vanadate- and non-covalent phosphate-
bound structures.
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