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Abstract
The C-terminal domain of the suppressor of T cell receptor (TCR) signaling 1 and 2 (Sts-1 and -2)
proteins has homology to the 2H-phosphatase family of enzymes. The phosphatase activity of the
correspondent Sts-1 domain, Sts-1PGM, is key for its ability to negatively regulate the signaling of
membrane-bound receptors including TCR and the epidermal growth factor receptor (EGFR). A
nucleophilic histidine, which is transiently phosphorylated during the phosphatase reaction, is
essential for the activity. Here we present the crystal structure of Sts-2PGM in the phosphorylated
active form and bound to VO3, which represent structures of an intermediate and of a transition state
analogue along the path of the dephosphorylation reaction. In the former structure, the proposed
nucleophilic His366 is the only phoshorylated residue and is stabilized by several interactions with
conserved basic residues within the active site. In the latter structure, the vanadium atom sits in the
middle of a trigonal bipyramid formed by the three oxygen atoms of the VO3 molecule, atom NE2
of His366, and an apical water molecule Wa. The V-NE2 bond length (2.25 Å) suggests that VO3 is
not covalently attached to His366 and that the reaction mechanism is partially associative. The two
structures also suggest a role for Glu476 in activating a uniquely positioned water molecule. In both
structures, the conformation of the active site is remarkably similar to the one seen in apo-
Sts-2PGM suggesting that the spatial arrangement of the catalytic residues does not change during
the dephosphorylation reaction.
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The 2H-phosphatase superfamily of enzymes, also referred to as the phosphoglycerate mutase
(PGM) superfamily, is so called because the majority of its members are phosphatases that use
two catalytic histidine residues to dephosphorylate substrates (1,2). The first His residue
belongs to the ‘RHGE’ signature motif that is conserved among family members and is the
nucleophilic residue during catalysis. The second His residue together with two conserved Arg
residues are scattered in the primary sequence, complete the active site, and give it a basic
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potential character that attracts and stabilizes phosphorylated substrates. Outside the His and
Arg residues, the primary sequence of these enzymes shows little conservation. Despite the
low sequence homology, the overall tertiary fold of these enzymes is overall maintained; more
importantly the structure of the active site is highly conserved. Family members include the
diverse acid phosphatases (AcPs), the cofactor dependent phosphoglycerate mutase (dPGM),
the fructose 2,6-bisphosphatase (F2,6BP), the TIGAR protein (3), the Sts proteins (4), and
many others. The diversity among family members is reflected in substrate diversity and
specificity: substrates range from small-phosphorylated molecules to phospho-proteins, and
some enzymes are very specific (F2,6BP) while others are promiscuous (AcPs).

The dephosphorylation reaction is believed to be a two-step reaction (Scheme) (5). In the first
step, the nucleophilic His of the ‘RHGE’ signature motif attacks the phosphorus atom of the
substrate resulting in the transient transfer of the phosphate to the His and the release of the
dephosphorylated substrate. In the second step, the phospho-His is hydrolyzed by an activated
water molecule and the enzyme returns to its resting state. The second His and the Arg residues
are believed to stabilize the negative charges that appear on the structure of the transition state
species. The nucleophilic attacking water molecule is activated by general base catalysis
usually by the side chain carboxylate of an Asp or Glu residue (6,7). As in many phospho-
transferases, determining the crystal structures of family members in the presence of phosphate
and phosphate-like species including vanadate and tungstate has been very useful in
understanding the reaction mechanism and highlighting the catalytic amino acids and water
molecules. However, except for the structures of the phospho-histidine activated form of the
Escherichia coli dPGM (8) and human bisphosphoglycerate mutase (BPGM) (9), little is
known about the phospho-histidine transient intermediate state of the 2H-phosphatases. More
generally, there are few high-resolution structures of phosphohistidine-containing proteins,
those of the Drosophila and Dictyostelium nucleoside diphosphate (NDP) kinase (10), the pig
heart GTP-specific succinyl-CoA synthetase (11), and the Bacillus subtilis histidine-containing
protein (HPr) (12) being the exception.

To shed additional light on the dephosphorylation reaction carried out by the 2H-phosphatases,
we focused on determining the structures of the transition states for hydrolysis of the Sts
proteins. Sts-1 and -2 proteins are multidomain proteins that contain a C-terminal 2H-
phosphatase homology domain (13-16). Functionally, they play an important role in
downregulating the activity of the TCR. Despite the sequence homology between the 2H-
phosphatase domains of the two isoforms, the phosphatase activity of Sts-2PGM is by far the
weaker one despite conservation of all catalytic residues. We have recently determined the
crystal structure of Sts-1PGM and Sts-2PGM alone or in complex with phosphate and tungstate
(4,17). Here we present the crystal structures of Sts-2PGM in the active phosphorylated state
and bound to vanadium oxide (VO3).

Experimental Methods
Protein Preparation

The 2H-phosphatase domain of mouse Sts-2 (residues 354-624) was cloned and purified as
described previously (17).

Phosphoramidate Synthesis
The synthesis of dipotassium phosphoramidate was performed by the method of Wei and
Matthews (18). A stock solution of 0.5 M was prepared in water.
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Protein Crystallization
Crystals of Sts-2PGM in complex with vanadium oxide were grown at 20 °C by mixing 3 μL
of 20 mg/mL Sts-2PGM (in 20 mM HEPES, 150 mM NaCl, pH = 7.5) and 3 μL of a reservoir
solution. The reservoir consisted of 18 - 20% (w/v) polyethylene glycol-4000 (PEG4000), 0.2
M lithium sulfate, 0.1 M Tris-acetate pH = 8.0, 2 mM sodium vanadium oxide (Alfa Aesar,
MA), and 2 mM L-tyrosine. To ensure the removal and conversion of high order vanadate
complexes to monomers, the vanadate stock solution was heated before usage until it became
colorless. Crystals belonged to space group P212121 (a = 77.4 Å, b = 114.8 Å, c = 120.9 Å)
with two dimers in the asymmetric unit. Crystals of phosphorylated Sts-2PGM were obtained
by soaking crystals of apo-Sts-2PGM grown as described previously (17) into cryoprotectant
solutions supplied with 20 mM phosphoramidate for 15 minutes before cooling in liquid
nitrogen.

Data Collection, Structure Determination, and Refinement
All diffraction intensities were collected at 100 K on beam line X6A at the National
Synchrotron Laboratory Source (NSLS), Brookhaven, on a 2k × 2k CCD detector (ADSC), at
a wavelength of 0.9796 Å, integrated and scaled with the HKL2000 package (19).

The structures were solved by the difference Fourier technique using the coordinates of apo-
Sts-2PGM (PDB entry 3D4I). The models were refined in REFMAC (20) with one final round
of TLS (21), visualized and manually rebuilt in the program O (22). Water molecules were
added in difference Fourier electron density maps visualized at 4σ when the Rfree (23) was <
32%. The VO3

-, phospho-His366, and metal ions were added at the final stages of the
refinement. Each phosphate group and its attached metal ion were assigned the same
occupancy, which was manually refined in REFMAC until the residual density of this group
disappeared from a difference Fourier map (±2σ). Stereochemistry was checked with the
program PROCHECK (24). Table 1 summarizes statistics on data collection and model
refinement. Coordinates of the phosphorylated and VO3-bound forms of Sts-2PGM have been
deposited at the PDB databank.

RESULTS
Structure of the phosphohistidine active form of Sts-2PGM

To shed light on the structure of the phospho-histidine intermediate, we incubated Sts-2PGM
crystals with cryoprotectant solutions to which phosphoramidate was added prior to cooling
them in liquid nitrogen. Phosphoramidate (NH2PO3

2-) is a phosphate donor that was
successfully used to phosphorylate the nucleophilic histidine of the Staphylococcus aureus
phosphocarrier protein HPr (25) and of the NDP kinase (10). Inspection of the diffraction
quality showed that the best results were obtained when the crystals were incubated with 20
mM of the phosphodonor phosphoramidate for 10 to 15 minutes. Longer incubations resulted
in the loss of the diffraction power of the crystals while shorter incubation times resulted in a
lower degree of phosphorylation. A difference Fourier electron density map calculated to 2.05
Å resolution with phases deduced from the apo-Sts-2PGM model (17) clearly showed peaks at
higher than 5σ close to His366 in three of the four monomers occupying the asymmetric unit
(Figure 1A). The residual electron density could only be interpreted as that of a (-PO3) moiety
covalently attached to atom NE2 of His366. Inspection of the electron density map showed
that His366 was the only residue phosphorylated by phosphoramidate. Refinement against the
experimental diffraction data showed that the occupancy of the phosphate group is monomer
dependent and varies between 0.50 and 0.70. This result suggests that the phosphoramidate on
average phosphorylated 60% of the His366 present in the crystal. An extra electron density
was also found close to each phosphate group. The chemical nature of each extra density is
unknown but based on the refined temperature factor and the residual difference Fourier density
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it is consistent with a sodium ion and not a lithium or potassium ion. However, the Na+-ions
in our structure are on average 2.0 Å from the solvent exposed phosphate oxygen (Figure 1A),
which is shorter than the average 2.4 Å Na+-O distances reported in the literature (26). For all
purposes, Na+ will be used to explain the extra electron density in the vicinity of each
phosphate.

Figure 1A illustrates how the phospho-His366 is stabilized in the active site. The
phosphorylation of His366 did not disturb the overall structure of Sts-2PGM as seen by the low
rms deviation of 0.4 Å calculated after superposition of the apo-structure. The structure of the
active site, including the interactions made by the catalytic residues, is also remarkably
unperturbed (Figure 1B). As in the apo-structure, the imidazole ring is held in place by steric
interactions involving Arg365 and Arg448 on one side of the ring and Arg369 and His551 on
the other. In addition, ND1 of phospho-His366 is making a hydrogen bond with the main chain
carbonyl group of Gly367 suggesting that ND1 is protonated. This hydrogen bond is consistent
with a deprotonated NE2 capable of a nucleophilic attack on the phosphorus atom of the
phosphoramidate. The covalently attached (-PO3) group replaces three water molecules that
were within hydrogen bond distances from His366 in the apo-structure. The average P-NE2
covalent-bond distance (1.78 Å) is consistent with analogous distances observed in high-
resolution crystal structures (8, 9). The (-PO3) group is stabilized by hydrogen bond interactions
with the side chains of Arg365, Arg369, Arg448, and His551 and the main chain amino group
of Ser552. These residues are conserved in Sts-1PGM and other 2H-phosphatases suggesting
that all family members share the described mode of stabilization of the phospho-histidine
moiety. Mutation of the equivalent residues in Sts-1 dramatically reduced its catalytic activity
(4) consistent with their role in stabilizing the structure of the intermediate.

In two monomers belonging to two independent dimers, a water molecule (labeled W in Figure
1A) is found 5 Å from the phosphorus atom but is absent from the two other monomers. This
water molecule is not perfectly in-line with the P-NE2 bond but is situated such that the W-P-
NE2 angle is 142°. It is stabilized by hydrogen bond interactions with the main chain amino
and side chain hydroxyl groups of Ser553 (2.90 and 3.50 Å, respectively) and the carboxylic
group of Glu476 (2.60 Å), the proposed general base of the dephosphorylation reaction. Based
on its relative closeness to the phosphorus atom and relative orientation, it is likely that this
water molecule is the nucleophilic attacking water molecule responsible for dephosphorylating
phospho-His366 in the second step of the enzymatic reaction. In such a scenario, Glu476
activates the water molecule W during the nucleophilic attack on phospho-His366 and becomes
protonated. In support of this hypothesis, the carboxylic group of Glu476 is within hydrogen
bond distances from the hydroxyl group of Ser553 (2.6 Å) and the main chain amino group of
Trp477 (2.8 Å) suggesting that it is deprotonated and therefore negatively charged.
Interestingly, a similarly situated water molecule was found in tungstate-bound and in apo-
Sts-2PGM and was also proposed to be the nucleophilic attacking water (17).

The structure of phospho-Sts-2PGM allows the comparison with the structures of the activated
form of E. coli dPGM (8) and human BPGM (9), which are partially phosphorylated on His10
and His11 respectively, the equivalent of His366. In dPGM, the covalently attached (-PO3)
group makes additional interactions with the enzyme active site including hydrogen bonds with
the proposed general base Glu88 (Glu476 in Sts-2PGM), with Asn16 (Asn372 in Sts-2PGM),
and an adjacent water molecule. In Sts-2PGM, the closest hydrogen donor or acceptor atom of
Asn372 and Glu476 are 4.8 and 3.5 Å, respectively from phospho-His366. It is not clear
whether these structural differences imply subtle differences between the two enzymes in the
second step of the hydrolysis reaction or whether they might reflect the percentage in histidine
phosphorylation (28% in dPGM versus ~60% in Sts-2PGM) between the two enzymes, the
difference in crystal packing, or the manner in which the phosphorylated enzymes were
prepared: Sts-2PGM was phosphorylated by diffusing phosphoramidate in the crystal while
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dPGM was purified as a phosphorylated recombinant protein (8). In BPGM, the interactions
between the conserved catalytic residues and the covalently attached (-PO3) are all present
except for the interaction with the equivalent of Arg369. Subtle differences are also observed
but these could be due to the presence of the substrate and product in the active site of BPGM,
which create a mixture of states in the crystal (9).

Our phosphoramidate data thus show that it is possible to stabilize the structure of the
phosphorylated enzyme intermediate on the path for substrate dephosphorylation. This
reinforces our previous observation that Sts-2PGM has intrinsic phosphatase activity (4,17).
They also show that during catalysis the substrate’s phosphate is transferred to the conserved
histidine of the ‘RHGE’ motif highlighting the importance of this motif and its conservation
among 2H-phosphatase family members.

Structure of the VO3-bound Sts-2PGM
To gain more insight into the phosphatase reaction catalyzed by Sts-2PGM, we crystallized
Sts-2PGM in the presence of activated sodium vanadium oxide and L-tyrosine and solved the
crystal structure of this complex. We added L-Tyr and VO3 to the crystallization mixture
because in a few instances the phosphate mimic vanadium oxide was found to covalently
mediate the interaction between an enzyme and its substrate, thereby revealing the structure
of transition state mimics (27). The electron density map calculated to 1.87 Å resolution clearly
shows a planar electron density close to His366 and perpendicular to its imidazole ring in the
active site of every Sts-2PGM monomer in the asymmetric unit. We interpreted this extra density
as that of a VO3 molecule. A difference anomalous electron density map showed peaks at
higher than 4 sigmas that superposed on the vanadium atoms confirming our hypothesis (Figure
2A). A water molecule was found apical to the VO3 molecule in three monomers but was
missing in the fourth. The active site of this monomer is characterized by higher temperature
factors. We could not locate any L-Tyr in the vicinity of the VO3 moiety or elsewhere in the
electron density map. To check that the extra electron density close to His366 is that of VO3
and an apical water molecule and not that of a contaminant vanadate (VO4) molecule, we
refined the latter in the electron density map. The appearance of positive and negative peaks
in the calculated difference Fourier map confirms that the VO3/apical water molecule explains
better the diffraction data.

As with the tungstate-and phosphate-bound structures (17), the binding of the VO3 molecule
did not disturb the structure of the active site. Illustrated in Figure 2B are the basic structural
features of the VO3 molecule along with primary interactions involving key residues in the
enzyme active site. As seen in the figure, the pentavalently coordinated vanadium atom sits in
the middle of a slightly distorted trigonal bipyramid formed by the three equatorial oxyanion
atoms, the apical water molecule, and NE2 of His366. The apical water molecule (Wa) is not
perfectly in line with the V and NE2 atoms. As a consequence, the Wa-V-NE2 angle (average
of 160° ± 1.5°) deviates by 20° from the expected 180°. The axial bond distances are slightly
elongated relative to those in the equatorial plane resulting in a slightly distorted trigonal
bipyramid; whereas the average V-O distance is 1.90 Å, the average V-NE2 and V-Wa
distances are 2.25 and 2.1 Å, respectively. These distances are within the range of analogous
distances reported in the literature for enzyme complexes with vanadate. For comparison, the
average V-O bond distance of 1.9 Å observed here is similar to the 2.1 Å and 1.8 Å reported
for the 2-Keto-3-deoxy-D-glycero-D-galactonononate-9-phosphate phosphatase (28) and for
the tyrosyl-DNA phosphodiesterase (Tdp1) (29), respectively, but longer than the 1.65 Å
observed with the chloroperoxidase (30). The average V-NE2 bond distance of 2.25 Å is also
consistent with the analogous distance of 2.25 Å found in the chloroperoxidase (30), or 2.11
Å in the vanadium-dependent haloperoxidase (31), or Tdp1 (29) but longer than the 2.0 Å bond
reported for the rat acid phosphatase (32). The V-NE2 distance reported here is also similar to
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P-NE2 bond distances found experimentally or by molecular dynamics simulations between
the planar metaphosphate anion PO3

- and nucleophilic histidines (33,34). The finding that the
V-NE2 distance is larger than 2.0 Å suggests that the VO3 molecule is not covalently bound
to Sts-2PGM. Consequently, the vanadium atom is situated further away from NE2 of His366
than the phosphorus atom in phospho-His366 (Figure 2C). In addition to the apical water
molecule, an extra density was found close to oxyanion O1, which we interpret as that of a
Na+ ion. The likely role of this sodium ion is to neutralize the negative charge of the VO3. The
distances between this ion and O1 of the VO3 molecule vary between 1.5 and 1.8 Å with an
average of 1.63 Å.

As expected, the side chain of the active site basic residues Arg369, Arg448, Arg462, and
His551 are within hydrogen bond distances of the VO3 molecule. In addition to these conserved
residues, the hydroxyl and the main chain amino groups of Ser552 are within hydrogen bond
distances of the VO3 molecule. The coordination of the VO3 molecule in the active site is very
similar to that of the tungstate (17) with the exception of Arg365 of the ‘RHGE’ signature
motif, which interacts with the tungstate but not the VO3 molecule. This dissimilarity could
be due to the size difference between the two inorganic molecules or to the difference in their
proximity to atom NE2 of His366. The apical water molecule (Wa) is not within a hydrogen
bond distance from any active site residue but is close to the Na+ ion. The closest active site
residues to the apical water are Arg369 and Glu476. The distance to the guanidinium group of
the former is ~3.9 Å while the distance to the carboxylic group of the latter is monomer-
dependent and varies between 3.8 and 4.5 Å. The proximity of Glu476 to the apical water
molecule is consistent with its role as a general base that activates the nucleophilic water
molecule by deprotonating it.

Nucleophilic substitution at phosphorus occurs at each step of the dephosphorylation reaction
catalyzed by 2H-phosphatases, i.e. during the phosphate transfer from the substrate to the
enzyme and when the enzyme is dephosphorylated to return to its resting state. Since AlF3,
AlF4

- or VO3 are often used to mimic the transition state in phosphoryl transfer reactions, it is
likely that the VO3-bound structure described here mimics the structure of the transition state
for the dephosphorylation reaction catalyzed by Sts-2PGM. Thus, Wa mimics the oxygen of the
leaving group in the first half of the reaction and the nucleophilic attacking water in the second
half of the reaction, respectively. Interestingly, a water molecule (labeled W in Figure 2B) is
also present in the VO3-bound structure at the site we previously predicted to be occupied by
the nucleophilic attacking water in the apo-and tungstate-bound structures suggesting that as
soon as the nucleophilic attack on the phosphate takes place, this site is reoccupied by another
water molecule from the solvent.

DISCUSSION
We previously suggested that the tungstate-and the phosphate-bound structures of Sts-2PGM
mimic the structures of the enzyme just before the nucleophilic attack on the phosphorylated
substrate and that of the inorganic phosphate-bound product, respectively (17). The structures
of the phosphorylated and the VO3-bound protein presented here constitute additional
molecular snapshots along the path of the phosphatase reaction catalyzed by Sts-2PGM and
probably other 2H-phosphatases. They provide evidence that the transfer of phosphate from
the substrate to His366 occurs by an in line reaction that is partially associative. Assuming that
the Sts-2PGM-VO3-Wa structure is a good mimic of the phosphate trigonal bipyramidal
transition state and assuming that Wa mimics the oxygen of the leaving group, the axial bond
lengths of 2.25 and 2.1 Å in this complex yield a mechanism for Sts-2 phosphatase that is
13.5% associative from the entering group and 24% associative from the leaving group. The
bond orders here are similar to previously reported numbers for the myosin ATPase, BPGM
phosphatase, and β-phosphoglucomutase (9,35,36).
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Our structural data also confirm previously published findings regarding Sts-2PGM. Four major
conclusions can be deduced from our work. Firstly, the structural data are consistent with a
functional 2H-phosphatase domain for Sts-2. The conserved catalytic His and Arg residues
adopt conformations in the active site that are similar to their counterparts in other active 2H-
phosphatases including the more active and homologous Sts-1PGM. Secondly, the catalytic
residues are involved in interactions consistent with their predicted role. Specifically, His366
of the conserved ‘RHGE’ signature motif can be phosphorylated and is the closest residue to
the tungstate and VO3 moieties, consistent with its role as the attacking nucleophile. In addition,
the conserved Arg365, Arg448, and His551 interact tightly with the tungstate, VO3 and
phospho-His366, in line with their role in stabilizing the negative charge buildup during
catalysis. Thirdly, the apo-, phosphorylated, tungstate-and VO3-bound structures of
Sts-2PGM highlight a water molecule that is present at the same location in all structures as a
candidate for the nucleophilic attack on phospho-His366. Among other residues, Glu476, the
proposed general base stabilizes this water molecule. We propose that Glu476 deprotonates
the nucleophilic water molecule to generate a hydroxyl group that attacks the phosphorus atom
of the phospho-histidine. Protonated Glu476 loses its proton to the leaving group in the next
cycle either directly or through an active site water molecule (34). Fourthly, superposition of
the various Sts-2PGM coordinates indicates that the structure of the active site and its
surrounding loops does not change regardless of the state of the enzyme or the nature of the
bound-molecule. The rigidity of the active site suggests that only subtle movements of side
chain residues are necessary for activity. This picture is to be contrasted with BPGM where
parts of the active site surrounding loops close on the active site upon binding of the 2,3-
bisphosphoglycerate (BPG) substrate. The nucleophilic histidine also rotates by 20° and moves
by 0.5 Å toward the BPG (9). Other phosphatases like the Cys-based protein tyrosine
phosphatases (PTPs) including PTP-1B also witness large loop movements during hydrolysis
(37,38). Whether this observed rigidity is inherent to Sts-2 active site or is due to crystal packing
forces remains to be established. That the asymmetric unit is occupied by four Sts-2PGM
monomers that differ in their crystal packing favors the idea of a rigid active site. However, it
is also possible that some of the active site loops will change conformation in the presence of
a substrate molecule.
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ABBREVIATIONS

DTT dithiothreitol

EPPase ecdysteroid phosphate phosphatase

PGM phosphoglycerate mutase

pNP para-nitrophenol

pNPP para-nitrophenylphosphate

PTP protein tyrosine phosphatase

Sts suppressor of T cell signaling

TCR T cell receptor
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Figure 1.
Structure of phosphorylated active Sts-2PGM. A- Interactions made by phospho-His366
(pH366) in the active site. Dotted lines represent putative hydrogen bond interactions.
Superposed on the final model and shown at +3σ cutoff is the difference Fourier electron
density map (Fo − Fc) (green mesh) calculated after removing all the phosphate groups and
sodium ions from the refinement. The possible candidate for the nucleophilic water molecule
is labeled with a W. B- Superposition of apo-Sts-2PGM (grey) and phosphorylated Sts-2PGM.
Active site residues are shown in ball-and-stick representation. For simplicity, water molecules
are shown as red spheres for phosphorylated Sts-2PGM only. The Na+-ion that coordinates the
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covalently attached phosphate group is shown as a purple sphere. Figure prepared with PyMOL
(http://pymol.sourceforge.net/).
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Figure 2.
Structure of VO3-bound Sts-2PGM. A- An anomalous difference Fourier electron density map
is represented at +4σ cutoff and overlaid over one Sts-2PGM monomer. Positive peaks
(highlighted by red arrows) superpose over the vanadium and the sulfur of two Cys residues.
For simplicity, only the Cys and Met residues are shown in ball-and-stick representation. B-
Putative interactions made by the VO3 molecule and active site residues of Sts-2PGM or solvent
molecules are shown as dotted lines. The apical water (Wa) that sits on top of the VO3 molecule
and completes the pentavalent coordination of the vanadium atom is shown as a yellow sphere.
The possible candidate for the nucleophilic water molecule is labeled with a W. Its interactions
with the protein are also shown as dotted lines. C- Superposition of the structures of
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phosphorylated (light green) and VO3-bound Sts-2PGM around His366 shows that the V-NE2
bond is longer than the V-P covalent bond.
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Scheme.
Schematic representation of the phosphatase reaction catalyzed by 2H-phosphatase family
members. Only drawn are the conserved active site residues. The phosphorylated substrate
binds to the active site such that the phosphorus atom is within an attacking distance from the
nucleophilic His (HisN) (a). The phosphate is then transferred to HisN to generate the
phosphorylated intermediate and the dephosphorylated substrate is released (b). Phospho-
HisN is next hydrolyzed by a nucleophilic water molecule (W) that is activated by a general
base and the phosphate is released into the solvent (c). Dotted lines represent hydrogen-bond
interactions.
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Table 1

Statistics on Crystallographic Data Collection and Model Refinement.

VO3 phospho-His366

Data Collection

Resolution (Å) 50.0 - 1.86 50.0 - 2.05

Number of Unique Reflections 90,022 68,508

Completeness, overall (last resolution shell)† (%) 99.9 (100.0) 98.8 (96.6)

Redundancy, overall (last resolution shell)† 7.1 (6.2) 6.3 (6.1)

<I>/<σ(I)>, overall (last resolution shell) † 32.5 (2.6) 22.6 (2.9)

Rsym
* (%) 5.8 (67.5) 7.3 (56.0)

Model Refinement

N° of reflections used in refinement 85,379 64,807

Rfree
†, (%) overall (last resolution shell) 24.0 (26.5) 27.0 (31.4)

Rwork
‡, (%) overall (last resolution shell) 20.2 (24.0) 21.8 (22.3)

Rcryst
‡‡, (%) 20.4 22.1

rms deviation in bond length, (Å) 0.013 0.013

rms deviation in bond angle, (°) 1.413 1.520

Estimated standard uncertainties§, (Å) 0.148 0.209

Ramachandran plane¶, (%) 92.0/8.0 90.6/9.4

N° of non-hydrogen atoms used in refinement 8,906 8,822

†
last shell is 1.93 – 1.86 and 2.12 – 2.05 Å for the VO3 and phospho-H366 data, respectively.

*
Rsym = Σi, hkl|<I(hkl)> - Ii(hkl)|/Σi, hklIi(hkl)

†
Rfree = Σ(hkl)εT||Fobs| - |Fcalc||/Σ(hkl)εT|Fobs|, where T is the test set (23) obtained by randomly selecting 5% of the data.

‡
Rwork = Σ(hkl)εW||Fobs| - |Fcalc||/Σ(hkl)εW|Fobs|, where W is the working set.

‡‡
Rcryst = Σ(hkl)||Fobs| - |Fcalc||/Σ(hkl)|Fobs| calculated over the entire set of unique reflections.

§
e.s.u. calculated from Rfree statistics.

¶
Most favored/additional allowed regions.
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