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ABSTRACT: The suppressors of T cell receptor (TCR) signaling 1 and 2 (Sts-1 and -2, respectively) are
multidomain proteins that negatively regulate the signaling of membrane-bound receptors, including TCR
and the epidermal growth factor receptor (EGFR). Sts-1 was recently shown to be a new type of protein
tyrosine phosphatase (PTP), with the phosphatase activity located within its C-terminal phosphoglycerate
mutase (PGM) homology domain and key for the regulation of TCR signaling in T cells. The activity of
the related Sts-2 enzyme is significantly less than that of Sts-1. Here we investigate the phosphatase
activity of the PGM domain of Sts-2, Sts-2PGM. The crystal structure of Sts-2PGM is remarkably similar to
Sts-1PGM, including conservation of all catalytic residues. Insight into mechanistic details is provided by
the structures of the apo, tungstate-bound, and phosphate-bound enzyme. The active site shows stringent
specificity, with the kcat optimum at pH 5.0 suggesting that Sts-2 might function as an acid-dependent
phosphatase. Mutation of active site residues Gln372, Ala446, Glu481, Ser552, and Ser582 to their
equivalents in Sts-1 increases the phosphatase activity of Sts-2PGM toward model substrates. Overall, our
data demonstrate that Sts-2PGM adopts the conformation of an active phosphatase whose activity is
fundamentally different from that of Sts-1 despite the strong structural homology. They also demonstrate
that nonconserved active site residues are responsible for the difference in activity between the two isoforms.
These differences reflect possible distinct physiological substrates.

Protein phosphorylation and dephosphorylation on tyrosine
residues are key steps in regulating fundamental aspects of
multicellular organisms (1-3). These steps are regulated by
protein tyrosine kinases (PTKs) and PTPs,1 both of which

are deregulated in human diseases, especially cancer (4, 5).
The majority of known PTPs are receptor or nonreceptor
proteins that harbor within their active site a nucleophilic
Cys residue that is essential for catalysis (6-8). Asp-based
PTPs, including members of the Eya gene products, have
also been reported (9). Recently, we showed that Sts-1, a
member of a newly characterized family of the suppressor
of TCR signaling proteins has a His-based PTP activity (10).
Sts-1 and Sts-2 belong to a gene family whose members can
be found in an evolutionarily diverse group of organisms.
Members of this family include Sts-1 and -2 and the insect
ecdysteroid phosphate phosphatase, EPPase (11). Mouse
Sts-1 was initially identified as a 70 kDa protein that binds
to a phosphotyrosine-containing peptide derived from the
Jak2 kinase (12), while mSts-2 was cloned on the basis of
its sequence homology to mSts-1 (13). Independently, human
Sts-2/Clip4 was also identified by a two-hybrid search for
proteins interacting with the ubiquitin ligase c-Cbl (14) and
by affinity chromatography as a c-Cbl associating protein
(Sts-2/TULA) in T lymphoblastoid cells (15). In this report,
Sts-1 and -2 will be used for the sake of consistency.
Although Sts-1 and -2 are ∼40% identical and ∼75% similar,
they have a distinct expression pattern. Sts-1 appears to be
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ubiquitously expressed, while Sts-2 is preferentially ex-
pressed in cells of the hematopoietic system (12, 15, 16).

Sts proteins are characterized by a unique tripartite
structure, with an N-terminal UBA (ubiquitin association)
domain, a central SH3 (Src-homology 3) domain, and a
carboxyl region with similarity to the catalytic domain of
enzymes of the PGM superfamily (17). In this regard, Sts
proteins are the only described PGM proteins to contain the
tandem UBA and SH3 homology domains (16). PGM
enzymes, also termed 2H-phosphatases (18), encompass a
group of structurally related enzymes that include the
phosphoglycerate mutase (dPGM), fructose-2,6-bisphosphate
phosphatase (Fru-2,6PPase), acid phosphatases (AcPs), and
the bacterial phosphatase SixA. The substrates of these
enzymes range from phosphorylated small molecules to large
phosphoproteins. For example, lysophosphatidic acid is a
substrate for the prostatic acid phosphatase (19), and the
sensor kinase for the anaerobic respiratory control (Arc)
response in Escherichia coli is a substrate for SixA (20).
The sequence of these enzymes is characterized by a
conserved “RHGE” signature motif that is essential for
catalysis. In addition to the signature motif, one arginine and
one histidine residue are strictly conserved while the rest of
the primary sequence is weakly preserved among family
members.

We have previously demonstrated that the 2H-phosphatase
domain of Sts-1 has a phosphatase activity that targets
phosphotyrosine-containing proteins, including the tyrosine
kinase Zap-70 and EGFR, pTyr-containing peptides, and
pTyr analogues like p-nitrophenyl phosphate (pNPP) (10).
Site-directed mutagenesis confirmed that the mechanism of
Sts-1PGM activity is similar to that of 2H-phosphatases and
the crystal structure of the Sts-1PGM domain demonstrated
its homology to members of this family of enzymes. These
findings make Sts-1 the prototype of a new His-based PTP
family of proteins that is different from the known family
of PTPs that rely on a Cys or Asp residue for their
phosphatase activity (6).

Interestingly, while the residues known to be important
for the catalytic activity of Sts-1PGM are conserved in Sts-
2PGM, the latter has a much weaker phosphatase activity
toward pNPP (10). To shed light on the differences in
catalytic activity of the Sts proteins, we used biochemical
and structural approaches to characterize the activity of the
Sts-2PGM domain.

EXPERIMENTAL PROCEDURES

Protein Preparation. The PGM domain of mouse Sts-2
(residues 354-624) was cloned as a His6-tagged protein in
the pProEX-HTb vector (Invitrogen), expressed in the E. coli
CodonPlus BL21(DE3) strain, and purified as described
previously for Sts-1PGM (21). Mutants were generated with
the QuikChange XL site-directed mutagenesis kit (Strat-
agene) and purified according to the same protocol described
for the wild-type protein.

Phosphatase Assay. The phosphatase activity of wild-type
and mutant Sts-2PGM was measured using pNPP (Sigma), a
commonly used nonspecific phosphatase substrate. When
pNPP was used, the reaction mixture contained 100 mM
TAB (25 mM Tris, 50 mM acetic acid, and 25 mM bis-
Tris), 150 mM NaCl, 0.1 mM EDTA, and 1 mM DTT. The

reaction was initiated by adding the protein (10 µM) to
the pNPP in the reaction mixture preincubated at 37 °C. The
reaction was stopped by adding NaOH to a final concentra-
tion of 0.15 M and the mixture chilled on ice. The amount
of the hydrolysis product pNP converted from pNPP was
quantified by measuring the absorption at 405 nm using the
following relationship: OD405 ) εb[pNP], where ε ) 1.78
× 104 M-1 cm-1, b is the light path in centimeters, and [pNP]
is the pNP concentration. For the investigation of the
phosphatase activity as a function of pH, TAB buffer was
used over the pH interval from 4.5 to 8.5. Outside these pH
values, the protein precipitated or no phosphatase activity
was detected. Various steroid phosphates (Steraloids Inc.)
were also tested as substrates for Sts-2PGM. Stock solutions
(0.1 M) of prednisolone 21-phosphate disodium salt, dex-
amethasone 21-phosphate disodium salt, and �-methasone
21-phosphate disodium salt were prepared in water. The
reaction mixture contained the same reaction buffer used for
the pNPP, but phosphate release was assessed using the
malachite green assay (22).

pTyr-Containing Proteins as Sts-2PGM Substrates. All
assays were performed at 37 °C and either pH 5.0 or 7.2 as
indicated. Tyrosine-phosphorylated proteins were obtained
by anti-pTyr immunoprecipitations from TCR-stimulated
murine T cells, and protein dephosphorylation assays were
conducted as previously described (10).

kcat and Km Measurements. Initial velocities (V) were
measured at various pNPP concentrations as the slope of the
linear part of the pNP concentration plotted as a function of
time. To determine the kinetic parameters kcat and Km, V was
plotted as a function of pNPP concentration and the data
points were fitted to a Michaelis-Menten equation

V)
Vmax[pNPP]

(Km + [pNPP])
(1)

using SigmaPlot 5.05 (SPSS Science Inc., Chicago, IL).
Inhibition of Sts-2PGM. Tungstate and phosphate at various

concentrations were incubated with the pNPP-containing
buffer at 37 °C. Sts-2PGM (10 µM) was added to this buffer,
and the phosphatase activity was measured as previously
described. Inhibition by sodium vanadate was assessed by
the malachite green assay read at 650 nm (22). Initial
velocities (V) were plotted as a function of the inhibitor
concentration ([I]), and the data points were fitted with
SigmaPlot to a competitive inhibition equation

V)
Vmax[pNPP]

Km(1+ [I]
k1

)+ [pNPP]
(2)

where KI is the inhibition constant, [pNPP] ) 1 mM, and
Km ) 2.0 mM. The reported IC50 values correspond to the
inhibitor concentration at 50% inhibition.

Protein Crystallization. Initial crystals were grown at 20
°C by mixing 3 µL of 20 mg/mL Sts-2PGM [in 20 mM HEPES
and 150 mM NaCl (pH 7.5)] and 3 µL of a reservoir solution.
The reservoir consisted of 20% (w/v) polyethylene glycol
4000 (PEG4000), 0.2 M Li2SO4, 5-20 mM SrCl2, and 0.1
M Tris-HCl (pH 8.0). Sts-2PGM crystallized in space group
P212121 with two dimers in the asymmetric unit correspond-
ing to a Vm value (23) of 2.33 Å3/Da and an estimated solvent
content of 47%.
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Data Collection, Structure Determination, and Refinement.
All diffraction intensities were collected at 100 K on
beamline X6A at the National Synchrotron Laboratory
Source (NSLS, Brookhaven National Laboratory), on a 2K
× 2K CCD detector (ADSC), integrated and scaled with the
HKL2000 package (24).

The structure of Sts-2PGM was determined using the single-
wavelength anomalous dispersion (SAD) technique. A run
consisting of 270° was collected at a wavelength of 1.0 Å
to ensure a high anomalous signal on a single crystal soaked
for 1 h in a solution containing 40 mM sodium tungstate.
Bijvoet pairs were scaled and merged separately in HKL2000.
The heavy-atom substructure was determined with SHELXD
(25) with data truncated to 2.7 Å resolution. This resolution
cut was on the basis of statistics reported by SHELXC. Four
tungsten atoms were found using this approach. The coor-
dinates of the heavy atoms were further refined and initial
phases calculated with SOLVE (26). The electron density
map calculated to 2.7 Å resolution after phasing and density
modification with RESOLVE (27) proved to be of excellent
quality. This electron density was used to build an initial
model of four Sts-2PGM monomers with the automatic
building procedure in RESOLVE (28). This model was
further refined in REFMAC (29) to 1.95 Å resolution with
a final round of TLS (30) to crystallographic residuals Rcryst

and Rfree of 20.0 and 23.9%, respectively, and excellent
stereochemistry. The final model has no density for residues
A623, A624, B354-B357, B622-B624, C354-C357,
C621-C624, D354-D357, and D622-D624. There was
extra density N-terminal to A354 where the AMGS sequence
was built in and refined. This extra sequence is a result of
the way Sts-2PGM is cloned in the pProEX-HTb vector.

Stereochemistry was checked with PROCHECK (31). Table
1 summarizes statistics on data collection and model
refinement.

For the phosphate-bound structure, diffraction data (Table
1) were collected on one Sts-2PGM crystal soaked in 0.2 M
Na/K phosphate. The H366A mutant crystallized using a
reservoir solution of 20% (w/v) PEG4000, 0.2 M MgCl2,
and 0.1 M Tris-HCl (pH 8.5). Both structures were deter-
mined by difference Fourier techniques and refined in
REFMAC. Because of the low-resolution data of the
phosphate-bound structure, tight noncrystallographic sym-
metry (NCS) restraints were applied in the refinement. A
phosphate ion is missing from the active site of one
monomer; instead, it is replaced by a water molecule located
2.8 Å from the NE2 atom of His366. In the H366A structure,
an extra electron density was found at the site usually
occupied by the His366 side chain. On the basis of the basic
surrounding of this density and the refined temperature factor,
a chloride ion was built in and refined. Coordinates of the
various structures have been deposited in the Protein Data
Bank (PDB) as follows: entry 3D4I for apo-Sts-2PGM, entry
3D6A for the tungstate-bound structure, and entry 3DB1 for
the phosphate-bound structure.

RESULTS

Sts-2PGM Phosphatase ActiVity. To evaluate the PTP
activity of Sts-2PGM, we incubated it with a diverse array of
tyrosine-phosphorylated proteins. As shown in Figure 1A,
Sts-2PGM (5 µM) failed to dephosphorylate pTyr-containing
proteins while Sts-1PGM (0.16 µM) efficiently dephosphory-
lated pTyr-containing proteins. This result is consistent with
our previous finding that it has a weak phosphatase activity

Table 1: Statistics on X-ray Data Collection and Model Refinement

native tungstate phosphate H366A

X-ray Data Collection

unit cell dimensions (Å) 77.9 × 116.1 × 121.4
space group P212121

resolution (Å) 50.0-1.95 50.0-2.25 50.0-2.8 50.0-2.05
no. of unique reflections 80016 101825h 28141 68913
completeness, overall (last shell)a (%) 99.9 (100.0) 99.4 (97.1)h 98.6 (100.0) 99.8 (100.0)
redundancy, overall (last shell)a 7.6 (7.6) 5.5 (4.7)h 5.7 (6.0) 7.8 (7.0)
〈I〉/〈σ(I)〉, overall (last shell)a 35.0 (4.5) 18.5 (2.6)h 21.1 (2.7) 26.5 (3.0)
Rsym

b (%) 8.4 (50.0) 9.8 (56.5)h 10.1 (61.7) 9.0 (65.4)

Model Refinement

resolution (Å) 50.0-1.95 50.0-2.25 50.0-2.8 50.0-2.05
no. of reflections used 79938 50569 26559 65215
Rfree

c (%), overall (last resolution shell) 24.1 (26.3) 24.2 (27.6) 27.1 (34.4) 26.8 (29.5)
Rwork

d (%), overall (last resolution shell) 20.3 (22.1) 19.4 (22.6) 23.5 (27.7) 22.5 (22.7)
Rcryst

e (%) 20.5 19.6 23.7 22.7
rmsd for bond lengths (Å) 0.013 0.012 0.014 0.011
rmsd for bond angles (deg) 1.427 1.345 1.523 1.290
estimated standard uncertaintyf (Å) 0.161 0.228 0.434 0.203
average temperature factor (Å2)

protein atoms 28.1 40.3 61.5 33.7
water molecules 30.2 36.8 46.1 33.6
ligand - 29.5 90.4 -
ions - 44.3 - 28.3

Ramachandran plotg (%) 91.8/8.1 91.1/8.9 87.1/12.9 90.8/9.2
a The last resolution shells are 2.02-1.95, 2.33-2.25, 2.90-2.80, and 2.12-2.05 Å for the native, tungstate-bound (SAD), phosphate-bound, and

H366A data, respectively. b Rsym ) ∑i,hkl|〈I(hkl)〉 - Ii(hkl)|/∑i,hklIi(hkl). c Rfree ) ∑(hkl)εT||Fobs| - |Fcalc||/∑(hkl)εT|Fobs|, where T is the test set (37) obtained by
randomly selecting 5% of the data. The last resolution shells are 2.0-1.95, 2.3-2.25, 2.85-2.77, and 2.12-2.05 Å for the native, tungstate-bound,
phosphate-bound, and H366A structures, respectively. d Rwork ) ∑(hkl)εW||Fobs| - |Fcalc||/∑(hkl)εW|Fobs|, where W is the working set. e Rcryst ) Σ(hkl)||Fobs| -
|Fcalc||/Σ(hkl)|Fobs| calculated over the entire set of unique reflections. f Calculated from Rfree statistics. g Most favored regions/additional allowed regions.
h These statistics were obtained after treating I+ and I- as independent reflections.
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against the pTyr analogue pNPP (10). Because some of the
2H-phosphatases are acid phosphatases, we tested the idea
that Sts-2PGM is an acid phosphatase and investigated its
catalytic activity as a function of pH. We assessed the ability
of recombinant Sts-2PGM to hydrolyze pNPP (1 mM) at
different pH values. Because the natural physiological
substrates of Sts-2PGM are unknown, pNPP was used as a
model substrate. pNPP is a nonspecific phosphotyrosine
analogue that is widely used in studying the reaction
mechanism of various phosphatases, including PTPs and acid
phosphatases. As shown in Figure 1B, the catalytic activity
of Sts-2PGM is optimal at pH 5.0. At this acidic pH, the kcat

(0.3 s-1) is 10 times higher than the value measured at pH
7.5; however, the Km value (1.5 mM) is similar (Table 2).
In comparison, the catalytic activity of Sts-1PGM for pNPP
hydrolysis is optimal at pH 7.0, and at pH 5.0, the Km value
(0.02 mM) is 25 times lower than that measured at pH 7.5

(0.5 mM) while the kcat has not significantly changed [63.4
s-1 vs 70 s-1 (Table 2)]. Thus, the improvement in the
specificity constant at pH 5.0 seen for both Sts domains is
exhibited at different points in the catalytic trajectory and is
due to distinct reasons, an increased kcat in the case of Sts-
2PGM and a decreased Km in the case of Sts-1PGM. This result
suggests important differences in function between the two
phosphatases despite total conservation of the key catalytic
residues.

The common phosphatase inhibitors tungstate, vanadate,
and phosphate inhibited the activity of Sts-2PGM. Fitting the
initial rates of pNPP hydrolysis plotted versus the inhibitor
concentration to eq 2 demonstrates that the IC50 values of
tungstate, vanadate, and phosphate are 0.8 ( 0.1, 5.3 ( 3.3,
and 52 ( 6.2 mM, respectively (Table 3).

Since Sts-2PGM is a better phosphatase at pH 5.0 than at
pH 7.5, we compared the PTP activity of Sts-2PGM at these

FIGURE 1: Phosphatase activity of recombinant Sts-2PGM. (A) Proteins from TCR-stimulated Jurkat cells were isolated by immunoprecipitation,
eluted from the pTyr antibodies, and evaluated as Sts-2PGM substrates at 37 °C at the indicated concentration (micromolar) and time. Sts-
1PGM was used as a positive control. Eluted proteins incubated at 4 and 37 °C in the absence of enzymes (two lanes to the left) were used
as negative controls. (B) pH dependence of the phosphatase activity of Sts-2PGM. Initial velocities of pNPP (1 mM) hydrolysis by Sts-2PGM

(10 µM) were measured and plotted at the indicated pH. All assays were conducted at 37 °C. (C) Tyrosine-phosphorylated proteins purified
as described for panel A were evaluated as substrates for Sts-2PGM at two different concentrations (1 and 5 µM) and pH values (7.2 and 5.0)
as indicated. Reaction products were evaluated by anti-phosphotyrosine Western analysis. The two high-molecular weight bands that are
present at pH 7.2 but disappear at pH 5.0 are boxed. All assays were conducted at 37 °C with Sts-1PGM (0.1 µM) as a positive control.
Molecular weight standards (kDa) are shown on the right. Each assay was repeated at least three times. Figures are representative of one
experiment.

Table 2: Activity Constants of the Sts PGM Domain Mutants

substrate/enzyme Km (mM) kcat (s-1) kcat/Km (M-1 s-1) relative activity (%)

pNPP
Sts-1PGM 0.5 ( 0.06 70 ( 2.0 141000 9400
Sts-1PGM (pH 5.0) 0.02 ( 0.009 63.4 ( 5.5 3150000 210000
Sts-2PGM 2.0 ( 0.13 0.03 ( 0.001 15 1
Sts-2PGM (pH 5.0) 1.5 ( 0.08 0.3 ( 0.005 200 13.0
Sts-2PGM(H366A) NDc NDc NDc NDc

Sts-2PGM(E481V) 1.0 ( 0.15 0.15 ( 0.01 150 10
Sts-2PGM(E481V) (pH 5.0) 0.2 ( 0.02 0.65 ( 0.01 3100 207
Sts-2PGM(S552A/S582Y) 1.9 ( 0.2 0.43 ( 0.02 226 15
Sts-2PGM(S552A/S582Y) (pH 5.0) 0.62 ( 0.1 2.9 ( 0.1 4700 312
Sts-2PGM(Q372V/S582Y) 0.7 ( 0.1 0.4 ( 0.01 571 38
Sts-2PGM(A446S/S552A) 0.64 ( 0.08 0.27 ( 0.009 420 28

steroid phosphatea (pH 7.5 or 5.0) NDc

pSer (pH 7.5 or 5.0) NDc

pThr (pH 7.5 or 5.0) NDc

pTyr (pH 7.5 or 5.0) NDc

phosphorylated moleculesb NDc

a Prednisolone 21-phosphate, �-methasone 21-phosphate, and dexamethasone 21-phosphate. b �-Glycerophosphate, phenyl phosphate, 1- or 2-naphthyl
phosphate, and 4-methylumbelliferyl phosphate. c Not detectable.
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two pH values. Consistent with the pH dependence data, Sts-
2PGM has a slightly better PTP activity at pH 5.0 than at pH
7.2 as shown for the disappearance of high-molecular weight
bands in Figure 1C. Taken together, our in vitro data show
that Sts-2PGM is an active phosphatase whose activity is
optimal at acidic pH values.

Structure of the Sts-2PGM Domain. To further explore the
mechanism underlying the reduced phosphatase activity of
Sts-2PGM, we determined its crystal structure. Table 1
summarizes statistics on data collection and model refine-
ment. The final model consists of two interacting dimers.
The organization of Sts-2PGM into dimers is consistent with
size exclusion data (not shown) and with the quaternary
structures of homologous Sts-1PGM (10) and EPPasePGM (32),
which also form dimers. The rmsds calculated after super-
position of the CR atoms of all four Sts-2PGM monomers on
each other (33) range between 0.42 and 0.78 Å, indicating
that all monomers are identical. The similarity between the
monomers is remarkable in the active site. For the sake of
simplicity, the chain with the lowest average temperature
factor will be used to describe the structure.

The Sts-2PGM monomer has the R/� topology characteristic
of members of the 2H-phosphatase family of enzymes,
including Sts-1PGM (17, 18) (see the Supporting Information).
As expected from the sequence homology, Sts-2PGM is
remarkably similar to Sts-1PGM [Figure 2A (10)] and EP-
PasePGM (32). The 365RHGE368 signature motif characteristic
of all 2H-phosphatases is located in a cavity formed by the
carboxyl end of the central �-sheet and by surrounding loops.
This solvent-exposed cavity is the active site of all 2H-
phosphatases. In Sts-2PGM, it contains the conserved Arg365,
Arg448, and His551 residues in addition to the signature
motif (Figure 2B). The R/� fold is stabilized by conserved
interactions, which ensure that the catalytic cavity adopts a
structure similar to those of many other active 2H-phos-
phatases (18). Thus, our structural data show that the active
site of Sts-2PGM is solvent-exposed and well-suited for the
binding of a phosphorylated substrate that can be hydrolyzed
by the conserved basic arginine and histidine residues.

Sts-2PGM ActiVe Site. The structural similarity between Sts-
2PGM and Sts-1PGM is very strong in the catalytic pocket. The
conserved Arg365, His366, Arg448, and His551 residues
adopt a configuration that is identical to that of their
homologues in Sts-1PGM (Arg379, His380, Arg462, and
His565) and in other 2H-phosphatases. For example, the
imidazole group of His366 is stabilized on either side by
the side chain of Arg365 and Arg448. In addition, the ND1
atom of His366 is within hydrogen bonding distance (2.8
Å) of the main chain carbonyl of Gly367, implying that this
nitrogen is protonated and that NE2 is deprotonated and
therefore capable of serving as a nucleophile in a hydrolysis
reaction (Figure 2B). The four conserved residues are
complemented in the active site of Sts-2PGM by Arg369 and
Glu476, which are also conserved in Sts-1 as Arg383 and
Glu490, respectively. Three water molecules sitting on top

of His366 and coordinating the various catalytic residues are
present in the active site. Remarkably, these water molecules
are located similarly in Sts-1PGM (Figure 2B). The conserva-
tion of the arrangement of the key catalytic residues between
Sts-2PGM and other 2H-phosphatases suggests not only that
these residues are indeed the catalytic residues of Sts-2PGM

but also that the reaction mechanism is conserved. In such
a scenario, His366 serves as a nucleophile that targets the
phosphorus atom of a phosphorylated substrate. The phos-
phate is transiently transferred to His366, which becomes
temporarily phosphorylated. Arg365, Arg448, and His551
are believed to stabilize the negative charges that occur
during the phosphate transfer and its subsequent hydrolysis,
while Glu476 is believed to be the general acid (17, 18).
Our results with the H366A mutant of Sts-2PGM confirm this
hypothesis (see the Supporting Information). This mutant has
no detectable activity, and the structure of its active site is
preserved despite the mutation (Figure 3A) highlighting the
role of the histidine of the RHGE motif as the attacking
nucleophile during the phosphatase reaction in support of
the accepted reaction mechanism (17). Thus, close inspection
of the Sts-2PGM active site shows that the key catalytic
residues for the phosphatase activity are present and adopt
a conformation that is consistent with the stabilization of a
phosphate moiety and therefore suitable for a phosphatase
reaction.

Despite the strict conservation of catalytic residues, the
three-dimensional structure, however, illustrates differences
between Sts-1PGM and Sts-2PGM. Three active site residues,
Gln372, Glu481, and Ser582 in Sts-2PGM, which surround
the nucleophilic His366 from opposite sides of the active
site are found to be Val386, Val495, and Tyr596, respec-
tively, in Sts-1PGM (labeled red in Figure 2B). Glu481, which
makes a strong hydrogen bond with the conserved Arg448
in Sts-2PGM, introduces a negative charge close to the
conserved Glu476. The presence of this extra negative charge
in the vicinity of Glu476 forces the side chain carboxylic
group of this residue to adopt a conformation that is slightly
different from the one it adopts in Sts-1 (Figure 2B). As a
result, in Sts-2PGM Glu476 hydrogen bonds Ser553 while in
Sts-1PGM Glu490 instead hydrogen bonds the water molecules
that sit on top of His380. In addition, Glu481 reduces the
active site volume by blocking the access to a small
hydrophobic pocket adjacent to the active site. In contrast,
the Glu481 equivalent in Sts-1, Val495, is a smaller
hydrophobic residue that does not hydrogen bond the
conserved arginine residue. These differences, which ex-
change small hydrophobic side chains into large acidic or
hydrogen acceptor/donor ones, could underlie the relatively
weaker phosphatase activity of Sts-2 (10) or affect substrate
specificity (see below).

Structural Insight into the Phosphatase Reaction of Sts-
2PGM. Since Sts-2PGM is an active phosphatase, it should
stabilize a phosphate or a phosphate-like moiety in its active
site. The presence of numerous basic residues in the active
site contributes to its positive electrostatic potential in support
of this hypothesis (Supporting Information). We thus deter-
mined the crystal structure of tungstate- and phosphate-bound
Sts-2PGM. The structure of the tungstate complex was refined
against the 2.25 Å resolution SAD data used to determine
the Sts-2PGM structure (Table 1). The final electron density
map unambiguously showed a four-coordinate, tetrahedral

Table 3: IC50 and KI Values of Various Sts-2PGM (10 µM) Inhibitors
Measured with 1 mM pNPP

inhibitor IC50 (mM) KI (mM)

tungstate 0.82 ( 0.1 0.54 ( 0.07
vanadate 5.3 ( 3.3 3.55 ( 2.3
phosphate 52 ( 6.2 35.1 ( 4.1
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tungsten molecule bound in the active site of each Sts-2PGM

chain, demonstrating that indeed the proposed active site of
Sts-2PGM can stabilize a phosphate-like moiety. Sts-2PGM

holds the tungstate ion tightly at the center of the active site
where it replaces the three water molecules previously found
in the apo form. As shown in Figure 3B, the anionic oxygen
atoms of the tungstate make strong hydrogen bonds with
His551, the three arginines (Arg365, Arg369, and Arg448),
the main chain amide and hydroxyl groups of Ser552, and
Glu476. In addition, the tungstate molecule interacts with
the main chain amide of Ser553 and the side chain of Glu476
via a water molecule mediated-hydrogen bond. Except for
Ser552, all these residues are conserved in Sts-1PGM. When
compared to that of apo-Sts-2PGM, the binding of the tungstate
to the active site resulted in subtle but important changes.
For example, the guanidinium group of Arg365 reoriented
such that it broke the interactions it made with Ser552 and
Ser582 in apo-Sts-2PGM to interact tightly with the tungstate.
Moreover, Glu481, which is close to Arg448 in apo-Sts-
2PGM, has flipped to the solvent in two monomers such that
it is not in the active site. In all four Sts-2PGM monomers,
the NE2 atom of the active site His366 is within 2.3-2.5 Å
of the tungsten atom. This geometry implies that the NE2
atom is deprotonated, consistent with the proposed mecha-
nism of an in-line nucleophilic attack by His366 on the
phosphorus atom of the phosphorylated substrate. The
interactions made by the tungstate with the three arginines
at positions 365, 369, and 448 are also consistent with the
role put forward by the proposed mechanism for these
residues in neutralizing the negative charge buildup on the
transition state during phosphoryl transfer.

As with the tungstate-bound structure, the phosphate ion
replaces the three water molecules in apo-Sts-2PGM close to
His366 with no significant changes to the active site structure.
The phosphate occupies two distinct positions in the active
site of Sts-2PGM that differ by the distance between the
phosphorus atom and the NE2 atom of His366. The two
distinct positions occupied by the phosphate might reflect
the difference in the involvement of the four monomers in
the crystal packing. Interestingly and despite the conservation
of the crystal packing, the tungstate has only one binding

mode in the active site. The interactions of the phosphate
ion with the active site depend on how close it is to His366.
In the two Sts-2PGM monomers where the P-NE2 distance
is 4.1 Å, the phosphate ion is within hydrogen bonding
distance of Arg365 and Arg369. In the monomer where the
P-NE2 distance is 3.2 Å, the phosphate makes additional
hydrogen bonds with the side chains of His366, Arg448,
Glu476, His551, and Ser552 (Figure 3C). In comparison to
the tungstate, the phosphate is making weaker interactions
with Sts-2PGM structures as shown by the fewer number of
hydrogen bonds and their longer distances (Figure 3B,C).
In addition, the W-NE2 distances are considerably shorter
than the P-NE2 distances. Together, these observations
suggest a higher affinity of the tungstate for Sts-2PGM and
are consistent with its higher inhibition capability we
observed in the inhibition assays.

The comparison of the phosphate- and tungstate-bound
structures has important implications for our understanding
of the mechanism of the phosphatase reaction carried out
by Sts-2PGM and more generally by other 2H-phosphatases.
Because of the short distances (2.3-2.5 Å) between the
tungsten and His366, we propose that the tungstate-bound
structure (Figure 3B) mimics the structure of an early step
during catalysis after the active site stabilized the phospho-
rylated substrate but before the nucleophilic attack by His366
has taken place. Our data thus support a model in which the
active site residues Arg365, His366, Arg369, Arg448,
Glu476, Ser552, and His551 stabilize and orient a high-
affinity phosphorylated substrate close to His366 such that
the P-NE2 distance is shorter than 2.3 Å. This distance
allows for a nucleophilic attack by His366 on the phosphorus
atom. As the reaction progresses, the P-NE2 distance
becomes shorter, leading to the transfer of the phosphate to
His366, the formation of pHis366, and the release of the
dephosphorylated substrate into the solvent. The hydrolysis
of pHis366 by a nucleophilic water attack regenerates the
apoenzyme and releases an inorganic phosphate molecule
that initially makes several hydrogen bonds with the active
site as shown in Figure 3C. We propose that the water
molecule labeled W in Figure 3B, which bridges the tungstate
to Glu476 and Ser553, is well-suited for the nucleophilic

FIGURE 2: Comparison of mouse Sts-1PGM and Sts-2PGM. (A) Superposition of Sts-1PGM (green, PDB entry 2H0Q) and Sts-2PGM (orange,
PDB entry 3D4I). The two conserved His residues are shown in ball-and-stick format in dark gray to highlight the active site. The calculated
rmsds between Sts-2PGM and Sts-1PGM and EPPasePGM are 1.10 and 1.45 Å, respectively. (B) Stereoview of the active sites of Sts-1PGM (light
gray) and Sts-2PGM (dark gray) shown in ribbon and ball-and-stick format. The side chains of nonconserved residues are colored and
labeled in red. Spheres represent water molecules. This figure was prepared with PyMOL (http://pymol.sourceforge.net/).
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attack. This water molecule is 4.5 Å from the tungsten atom
and can be activated by Glu476. As the reaction proceeds,
the distance from the phosphate to His366 increases and the
number of hydrogen bonds it makes with the protein
decreases before it is released to the solvent (Scheme 1).
Together, the tungstate and phosphate structures are consis-
tent with a model in which the cluster of basic residues
located at the carboxyl end of the central � sheet structure
forms the active site Sts-2PGM.

Combined, our structural data support a model in which
Sts-2PGM is a catalytically active phosphatase that can
stabilize a phosphate moiety in its active site.

Specific Determinants of the Phosphatase ActiVity of Sts-
2PGM. If the active site structure and the key catalytic residues
are strictly conserved between Sts-2PGM and Sts-1PGM, why
is Sts-2PGM a poorer phosphatase at least for the model
substrate pNPP? One plausible explanation for this weak
activity is that noncatalytic nonconserved residues interfere
with the binding of phosphorylated substrates to the active
site of Sts-2. Comparison of the two PGM domains indicates
that such residues, which are colored yellow in Figure 4A,
include Gln372, Ala446, Glu481, Ser552, and Ser582 (see
also Figure 2B). To test this hypothesis, we generated and
characterized mutants in which these residues were changed
to their counterparts in Sts-1. We focused on those residues
because they are located in the active site or surrounding it.

We purified the E481V single mutant and the A446S/
S552A, Q372V/S582Y, and S552A/S582Y double mutants
of Sts-2PGM. We checked their in vitro phosphatase activity
by assessing their ability to hydrolyze pNPP and pTyr-
containing proteins (Figure 4B,C). As mentioned earlier,
Glu481 introduces a negative charge in the vicinity of Glu476
and makes a hydrogen bond interaction with Arg448, which
might impinge on the action of these conserved residues
during substrate dephosphorylation. In Sts-1, the equivalent
residue is the small apolar Val495. Mutating Glu481 to Val
should thus relatively increase the phosphatase activity of
Sts-2PGM. Indeed, the E481V mutant has a 10-fold better
specificity constant (150 M-1 s-1) when compared to wild-
type Sts-2PGM (15 M-1 s-1). This improvement is due to a
2-fold reduction in Km (1 mM) and a 5-fold increase in kcat

[0.15 s-1 (Table 2)]. In addition, the E481V mutant exhibited
a better ability to hydrolyze pTyr-containing proteins than
wild-type Sts-2PGM (Figure 4C). Together, these results
demonstrate that Glu481 is among the residues responsible
for the weaker phosphatase activity of Sts-2.

If the conclusion that mutating Glu481 makes Sts-2PGM

more Sts-1PGM-like were true, then the E481V mutant would
behave more like Sts-1PGM and show an intermediate
improvement in its Km and kcat values at pH 5.0. We therefore
measured the catalytic constants of the E481V mutant of Sts-
2PGM at pH 5.0. As shown in Table 2, when compared to
that at pH 7.5, the Km value for this mutant improves by a
factor of 5 (0.2 mM vs 1.0 mM), which is more in line with
the changes experienced by Sts-1PGM than Sts-2PGM. Simi-
larly, the kcat value for this mutant improves by a factor of
4 (0.65 s-1 vs 0.15 s-1), which is less than the 10-fold
improvement experienced by wild-type Sts-2PGM. This result
confirms that the E481V mutation makes Sts-2 behave more
like Sts-1, supporting the conclusion of the pNPP hydrolysis
results that Glu481 is among the residues responsible for
the difference in activity between the two phosphatases.

FIGURE 3: Insight into catalysis. (A) Superposition of the active
sites of the H366A mutant (color) and wild-type Sts-2PGM (gray).
Red and green spheres represent water molecules and the chloride
ion, respectively. (B and C) Interactions made by the tungstate and
phosphate ions, respectively, with Sts-2PGM. Active site residues
within hydrogen bonding distance of the tungstate and phosphate
ions are shown in ball-and-stick format. The difference electron
density maps (Fo - Fc) calculated after omission of all nonprotein
atoms are shown around the tungstate and phosphate moieties with
cutoffs of 20σ, 4σ, and 3σ, respectively. A globular nonprotein
density was also found within ionic distances (1.8-2.0 Å) of an
oxygen atom of all four tungstates. On the basis of temperature
factor values and residual electron density, a sodium ion (purple
sphere in panel B) was built and refined into this density. The likely
role of this solvent-exposed sodium ion is to cooperate with the
protein basic residues in neutralizing the negative charges of the
tungstate ion. The interactions made by the phosphate moiety with
Sts-2PGM are similar to the ones reported for Sts-1PGM (10). Dashed
lines represent hydrogen bond interactions.
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Given that Glu481 is the only acidic active site residue that
is not conserved between the two Sts domains, we tested
the hypothesis that it is responsible for the higher Sts-2PGM

activity at acidic pHs and measured the catalytic rate of the
E481V mutant as a function of pH. The active site of this
mutant in principle has the same overall charge as Sts-1PGM.
As reported in Figure 4B, the activity of this mutant is

maximal at pH 5.0, similar to wild-type Sts-2PGM, demon-
strating that Glu481 is not responsible for its acid-dependent
phosphatase activity and suggesting that other factors are
the cause for this behavior.

Next, we focused on Ala446 and Ser552. In Sts-2PGM,
Ala446 is close to His551 and Ser552 hydrogen bonds
Arg365 in the apo and phosphate-bound but not in the
tungstate-bound structures of Sts-2PGM. Ser552 also interacts
with the tungstate and phosphate moieties (Figure 3). The
equivalent residues in Sts-1 are Ser460 and Ala566, respec-
tively (Figure 2B), which do not make hydrogen bonds with
His565, Arg379, or the phosphate (10). Introducing the
A446S/S552A double mutation into Sts-2PGM results in a 28-
fold better specificity constant (Table 2). Consistent with the
pNPP result, the phosphatase activity of this double mutant
against pTyr-containing proteins has also increased (Figure
4C).

Gln372 and Ser582 are located at the edge of the active
site (Figure 2B). While Gln372 is solvent-exposed and does
not interact with any Sts-2PGM residue, Ser582 makes a
hydrogen bond with Arg365 of the RHGE motif in apo and
phosphate-bound Sts-2PGM but not in the tungstate-bound
structure (Figures 2 and 3). The equivalent residues in Sts-
1, Val386 and Tyr596, occupy similar positions but do not
interact with any catalytic residue. As reported in Table 2,
the Q372V/S582Y double mutation increases by a factor of
38 the specificity constant of Sts-2PGM. This significant
increase is due to the reduction in Km by a factor of 3 (0.7
mM) and the increase in kcat by a factor of 10 (0.4 s-1).
Likewise, this double mutant exhibited increased phosphatase
activity against pTyr-containing proteins but not to the extent
of the E481V mutant or the A446S/S552A double mutant
of Sts-2PGM (Figure 4C).

As mentioned earlier, Ser552 and Ser582 interact with the
tungstate and with Arg365. Mutating those two serines should
therefore improve the rate of phosphate release during
catalysis. As reported in Table 2, the S552A/S582Y double
mutation increases by a factor of 13 the specificity constant
of Sts-2PGM for pNPP hydrolysis. When compared to wild-
type Sts-2PGM, this increase is mainly due to an improvement
in kcat by a factor of 15, while the Km value of this mutant
did not change, consistent with the hypothesis that the two
serines are involved in the phosphate release steps. The plot
of the initial velocities as a function of pH shows that it has
a bell-shaped curve with an optimum at pH ∼4.6 (Figure

Scheme 1: Model of the Phosphatase Reaction As Suggested by the Tungstate- and Phosphate-Bound Structuresa

a Along the reaction path, the phosphorus of the phosphorylated substrate moves within an attacking distance of the nucleophilic His (His366)
such that the phosphate’s interactions with the active site are mimicked by the tungstate (a). The phosphate is then transferred to His366 to generate
the phosphorylated intermediate (b). pHis366 is next hydrolyzed by the nucleophilic water molecule (W), and the released phosphate is initially
tightly bound by the active site as mimicked by the interactions made by the phosphate 3.2 Å from His366 (c). These interactions weaken (phosphate
4.2 Å from His366) before the phosphate is released into the solvent (d).

FIGURE 4: Residues that differentiate Sts-1PGM from Sts-2PGM. (A)
Surface representation of the active site of Sts-1PGM and Sts-2PGM.
Nonconserved residues are colored yellow and orange, respectively.
The hydrophobic cavity that is solvent-exposed in Sts-1PGM but
blocked by Glu481 in Sts-2PGM is indicated with an arrow. (B) pH
dependence of the phosphatase activity of Sts-2PGM. Initial velocities
of pNPP (1 mM) hydrolysis by wild-type (b), E481V (O), and SS
(S552A/S582Y) (1) mutants of Sts-2PGM (1 µM) were measured
and plotted at the indicated pH and 37 °C. (C) Proteins from TCR-
stimulated Jurkat cells were isolated by immunoprecipitation, eluted
from the pTyr antibodies, and evaluated as substrates for Sts-2PGM

mutants at the indicated concentration in micromolar. QS is the
Q372V/S582Y double mutant and AS the A446S/S552A double
mutant. Arrows indicate the bands for the Slp-76, Zap-70, Lck,
and LAT proteins. The assay was repeated at least three times, and
the gel is representative of one experiment.
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4B). The reason for the shift in the catalytic rate maximum
to a more acidic pH when compared to that of wild-type or
E481V Sts-2PGM is currently unclear. At pH 5.0, the Km and
kcat values are 0.6 mM and 2.9 s-1, respectively (Table 2).

The site-directed mutagenesis data clearly show that
making the Sts-2PGM active site more Sts-1PGM-like improves
its ability to hydrolyze pNPP and pTyr-containing proteins.
The single and double mutants of Sts-2PGM significantly
improved on the kcat and moderately on the Km values of
pNPP hydrolysis (Table 2). However, they failed individually
to significantly increase the kcat value to the Sts-1PGM level.
The Sts-2PGM mutants also appeared less efficient than Sts-
1PGM, as judged by the need to utilize 10-fold more Sts-2PGM

to achieve any level of dephosphorylation of pTyr-containing
proteins. We therefore propose that residues Gln372, Ala446,
Glu481, Ser552, and Ser582 are among the residues respon-
sible for the difference in activity between the Sts PGM
domains. We predict that the Sts-2PGM quintuple mutant
should have in theory an activity that approaches that of Sts-
1PGM. Unfortunately, we could not test this prediction since
any combination of these mutations resulted in an insoluble
Sts-2PGM mutant protein. We note that the residues we
mutated make hydrogen bond interactions with the conserved
catalytic residues in Sts-2 but not in Sts-1. We thus propose
that these Sts-2 specific hydrogen bonds between noncon-
served and catalytic residues might be responsible for the
slower phosphatase reaction since removing them increases
the specific activity. The hydrogen bonds seem to influence
the kcat since removing them partially restores the phosphatase
activity in Sts-2. However, other factors might also be
involved.

DISCUSSION

Despite the strong sequence homology between the two
Sts isoforms, three major differences distinguish Sts-2 from
Sts-1. First, Sts-1 is ubiquitously expressed in human tissues
while Sts-2 expression is restricted to the hematopoietic
system. Second, the observation that both genes need to be
deleted for efficient TCR hyper-reactivity (13) suggests that
Sts proteins have nonoverlapping functions. Third, while
Sts-1 has a robust phosphatase activity located on its 2H-
phosphatase homology domain that appears to be essential
for its cellular function, Sts-2 is by far a weaker phosphatase
despite strict conservation of all essential catalytic residues.
In this work, we focused on investigating the phosphatase
activity of Sts-2 using biochemical and structural techniques.

Our data show that recombinant Sts-2PGM has a substrate
specificity that differs from that of its closest homologues,
Sts-1PGM and EPPasePGM (32, 34). Sts-2PGM shows no steroid
phosphate phosphatase activity (see Table 2 and the Sup-
porting Information) and hydrolyzes the pTyr analogue pNPP
significantly more poorly than Sts-1PGM: the measured kcat

and Km values are 2330 and 4 times lower, respectively. The
pH dependence of the catalytic activity also shows a
discrepancy between the two Sts domains: the kcat value is
optimal at pH 7.0 for Sts-1PGM but optimal at pH 5.0 for
Sts-2PGM, suggesting that the latter might function in cells
as an acid-dependent phosphatase. The 25-fold decrease in
the Km value for pNPP hydrolysis for Sts-1PGM between pH
7.5 and 5.0 also does not compare to the modest decrease
for Sts-2PGM (Table 2), suggesting fundamental differences

between the two isoforms that might reflect differences in
the physiological substrates. In addition, Sts-2PGM is unable
to dephosphorylate pTyr-containing proteins. Taken together,
these observations suggest that either Sts-2PGM is not a PTP
or it is highly specific for a subset of pTyr-containing proteins
that we have not yet identified.

Five nonconserved residues are among the residues
responsible for the difference in activity between the two
PGM domains. Since these nonconserved residues are
involved in hydrogen bond interactions with key conserved
catalytic residues and with the tungstate and phosphate
moieties, it is likely that they are responsible for the weak
Sts-2PGM phosphatase activity by impinging on the movement
of the catalytic residues, modifying the charge distribution
on the transition state structures during catalysis, or both.
Arguments in favor of the former reason include the
observation that the interactions between Arg365 and Ser552
and Ser582 are broken in the tungstate-bound Sts-2PGM

structure. Arguments in favor of the latter reason include
the short distance between the hydroxyl group of Ser552 and
the tungstate. Interestingly, our mutagenesis results are
consistent with mutagenesis data obtained with Cys-based
PTPs, which concluded that structural determinants necessary
for specific substrate binding reside outside the essential
catalytic residues (7, 35, 36).

In light of the weak phosphatase activity of Sts-2PGM, it is
interesting to note that several Cys-based phosphatases are
expressed as inactive enzymes. Examples include the second
phosphatase domain of CD45, the myotubularin-related
proteins MTMR5 and MTMR13, the STYX family of
proteins, and the PTEN-related tensin (reviewed in ref 6).
In these proteins, key residues, including the nucleophilic
Cys, are mutated rendering them inactive. Curiously, these
inactive phosphatases have been shown to be essential for
downregulating key cellular signaling pathways. The Sts-
2PGM case seems unique since all the catalytic residues are
conserved, an observation that suggests that its catalytic
activity although relatively weak is important in vivo.
However, the phosphatase activity of Sts-2PGM should be
discussed in the context of the true substrates, which remain
to be identified. The advantages of such a weak activity and
how it relates to its cellular function are areas of ongoing
research in our laboratories.
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