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Structural and Functional Characterization of the C-Terminal Domain of the
Ecdysteroid Phosphate Phosphatase from Bombyx mori Reveals a New Enzymatic
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ABSTRACT: Here, we present the crystal structure of the ecdysone phosphate phosphatase (EPPase)
phosphoglycerate mutase (PGM) homology domain, the first structure of a steroid phosphate phosphatase.
The structure reveals an a/f-fold common to members of the two histidine (2H)-phosphatase superfamily
with strong homology to the Suppressor of T-cell receptor signaling-1 (Sts-1pgm) protein. The putative
EPPasepgwm active site contains signature residues shared by 2H-phosphatase enzymes, including a conserved
histidine (His80) that acts as a nucleophile during catalysis. The physiological substrate ecdysone 22-
phosphate was modeled in a hydrophobic cavity close to the phosphate-binding site. EPPasepgy shows
limited substrate specificity with an ability to hydrolyze steroid phosphates, the phospho-tyrosine (pTyr)
substrate analogue para-nitrophenylphosphate (pNPP) and pTyr-containing peptides and proteins.
Altogether, our data demonstrate a new protein tyrosine phosphatase (PTP) activity for EPPase. They
suggest that EPPase and its closest homologues can be grouped into a distinct subfamily in the large

2H-phosphatase superfamily of proteins.

In invertebrates, the ecdysteroid hormones (ecdysone and
its derivatives) regulate the major stages of development
including growth, body size, cellular division, programmed
cell death, color change, molting, and metamorphosis (/—6).
They do so by binding to the ecdysone receptor (EcR),'a
ligand-inducible transcription factor that controls the expres-
sion of genes involved in ecdysis and metamorphosis. The
important roles of various ecdysteroid hormones for embry-
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onic development in insects have been well demonstrated
in the eggs of the silkworm Bombyx mori and the fly
Drosophila (7). Ecdysone, the prohormone of the major
insect molting hormone 20-hydroxyecdysone (20E), is
synthesized from cholesterol and controls the timing of
molting (8). In particular, analysis of the interaction between
the ecdysteroid receptor and various egg ecdysteroids of B.
mori suggested that 20E is responsible for the development
difference between diapause and nondiapause in B. mori
embryos (9). Additionally, recent findings revealed a coor-
dinated cross talk between the ecdysone and insulin signaling
pathways to regulate growth and developmental timing to
determine final body size (10—12).

In insects, ecdysteroid hormones undergo inactivation by
phosphorylation and are stored as physiologically inactive
hormones until needed. Recently, an ecdysteroid phosphate
phosphatase (EPPase) was identified from B. mori eggs with
specificity for ecdysteroid phosphates that have a phosphate
group at position 22 on the side chain of the steroid. EPPase
converts inactive ecdysteroid phosphate, ecdysone 22-
phosphate (E22P) and 20-hydroxyecdysone 22-phosphate
(20E22P), to active phosphate-free ecdysteroids (Scheme 1),
including 20E, in B. mori eggs (9) and is therefore essential
for the proper signaling of 20E. EPPase is expressed in
nondiapause but not in diapause eggs and its expression
pattern correlates with the amount of free ecdysteroids in
nondiapause eggs. The full-length cDNA of EPPase was
isolated by reverse transcription polymerase chain reaction
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Scheme 1: Activation of Ecdysone 22-Phosphate by EPPase
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using the partial amino acid sequence obtained from purified
EPPase from nondiapause B. mori eggs (9). The cloned
protein consists of a single recognizable domain of 331 amino
acids that contains the signature sequence ?RHGE®? common
to members of the 2H-phosphatase superfamily of enzymes
also known as the PGM superfamily (/3, 14). Recently, a
sequence search of the database resulted in the cloning of a
longer EPPase isoform from Drosophila that contains a
ubiquitin association (UBA) and a src-homology 3 (SH3)
domain N-terminal to the PGM domain (15).

The 2H-phosphatase superfamily contains a large number
of enzymes including the diverse acid phosphatases (AcPs),
the cofactor dependent phosphoglycerate mutase (dPGM),
fructose 2,6-bisphosphatase (F2,6BP), the bacterial phos-
phatase SixA, Sts-1, and many others. The substrates of these
enzymes range from phosphorylated small molecules to large
phosphoproteins. For example, the sensor kinase for the
anaerobic respiratory control (Arc) response in Escherichia
coli is a SixA substrate (/6), while mammalian Sts-1 was
recently shown to be the prototype of a new family of
histidine-based phosphatases that appear to suppress the T
cell receptor (TCR) signaling by dephosphorylating several
tyrosine-phosphorylated proteins including ZAP-70 (/7). The
2H-phosphatase superfamily has been so named because the
majority of its members are phosphatases that contain two
conserved histidine residues within the active site that are
essential for catalysis. Some family members are also
phosphotransferases (/3). In addition to the two conserved
histidines, two arginines important for catalysis are also
conserved. Aside from these four residues, family members
bear little primary sequence homology to one another.
According to the accepted mechanism, the histidine within
the RHGE signature motif is responsible for the nucleophilic
attack on the substrate and becomes transiently phosphory-
lated. The phosphorylated histidine intermediate is then
hydrolyzed, and the enzyme is ready for a new catalytic
cycle. The conserved arginine residues are believed to
stabilize the transition state structures that appear during the
dephosphorylation reaction (13, 14).

In this study, we present the crystal structure of B. mori
EPPasepgy and demonstrate its similarity to the recently
solved structure of mammalian Sts-1pgm. We also demon-
strate and characterize a previously undescribed PTP activity
of EPPasepy in vitro. These results suggest novel functions
for the invertebrate ecdysteroid phosphate phosphatase.

EXPERIMENTAL PROCEDURES

Protein Preparation. An expressed sequence tag (EST)
encoding Bombyx mori EPPase was obtained from the
database of silkworm ESTs (Silkbase) maintained by the
Japanese Society for the Promotion of Science (http://
morus.ab.a.u-tokyo.ac.jp/cgi-bin/index.cgi). A cDNA frag-

ment encoding the EPPase PGM domain (residues 69—330)
was amplified by PCR, sequenced to confirm absence of
errors, cloned as a His-tagged protein in the pProEX-HTb
vector (Life Technologies) and expressed in the E. coli
CodonPlus BL21(DE3) strain (Stratagene) as described
previously for Sts-1pgm (/8). The EPPasepgy mutants were
generated by the QuikChange XL Site-directed Mutagenesis
kit (Stratagene). Proteins were purified on a Ni-NTA column
(Qiagen) followed by removal of the His-tag by the action
of tobacco etch virus (TEV) protease and a size exclusion
column (Superdex 200, GE Healthcare).

Enzyme Activity Assays. The phosphatase activity of wild-
type and mutant EPPases was measured using pNPP (Sigma)
or various steroid phosphates (Steraloids Inc., Newport, RI)
as substrate. When pNPP was used, the reaction mixture
contained 100 mM TAB (25 mM Tris, 50 mM acetic acid,
25 mM bis-Tris), pH = 7.5, 150 mM NacCl, 0.1 mM EDTA,
and 1 mM DTT. The reaction was initiated by adding the
protein (50 nM) to the pNPP in the reaction mixture
preincubated at 37 °C. The reaction was stopped by adding
13% K,;HPO, or 0.5 M NaOH and immediately chilled on
ice. The amount of para-nitrophenol (pNP) converted from
pNPP was quantified by measuring the absorption at 405
nm using the following relationship: ODa4os = eb[pNP] where
e=1.78 x 10* M~! cm™!, b = light path (cm), and [pNP]
is the pNP concentration. Stock solutions (0.1 M) of
prednisolone 21-phosphate disodium salt, dexamethasone 21-
phosphate disodium salt, and [-methasone 21-phosphate
disodium salt were prepared in water. The reaction mixture
contained the same reaction buffer, but the phosphate release
was measured using the malachite green assay (/9).

ke and K, Measurements. Initial velocities (v) were
measured at various pNPP concentrations, [pNPP], as the
slope of the linear part of [pNP] plotted as a function of
time. To determine the kinetic parameters k, and K,,, v was
plotted as a function of [pNPP] and the data points fitted to
a Michaelis—Menten equation

Vinax[IPNPP]
V= T e ey

(IPNPP] + K )
using the program SigmaPlot 5.05 (SPSS Science Inc.,
Chicago).

Inhibition of EPPasepgy. Tungstate, vanadate, and phos-
phate at various concentrations were incubated with the pNPP
(1 mM) containing buffer at 37 °C. EPPasepgym (50 nM) was
added to this buffer and the phosphatase activity was
measured as previously described. Initial velocities (v) were
plotted as a function of the inhibitor concentration, [I], and
the data points were fitted with the program SigmaPlot to a
competitive inhibition equation

B V. [pNPP]
~ {[pNPP] +K_(1 + [1J/K,)}
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where Kj is the inhibition constant, [pNPP] = 1 mM, and
K = 1.9 mM. The reported ICs, values correspond to [I] at
50% inhibition.

PTP Activity of EPPase. All assays were performed at 37
°C and pH 7.5. EPPasepgm (50 and 500 nM) was incubated
with 1 mM pTyr-containing peptide (NH,-SVYESP-pY-
SDPEE-COOH) in 150 mM NacCl, 100 mM TAB, 0.1 mM
EDTA, and 1 mM DTT in a total volume of 0.1 mL for 5
min. The reaction was stopped with 50 uL of 0.5 M NaOH,
and the released inorganic phosphate was detected with the
malachite green assay (/9). Tyrosine phosphorylated proteins
were obtained by anti-pTyr immunoprecipitations from TCR-
stimulated murine T cells as described (/7), and protein
dephosphorylation assays were conducted as described above.

Crystallization. Crystals of recombinant EPPasepgy were
grown overnight at 4 °C using the hanging drop method by
mixing 2 uL of 20 mg/mL EPPasepgy in 20 mM HEPES,
150 mM NaCl, pH = 7.5, 10 mM DTT, and 2 uL of a
reservoir solution. The reservoir consisted of 16% (w/v)
poly(ethylene glycol)-8000 (PEG8000), 0.2 M MgCl,, 0.2
M Nal, 0.1 M Tris-HCL, pH = 7.5, and 5—40 mM Na,WOs.
Under the same reservoir conditions and in the absence of
tungstate, crystals did not appear. EPPasepgm crystallized in
space group P2,2,2, (a = 62.8 A, b = 1342 A, ¢ = 135.0
A) with two dimers in the asymmetric unit corresponding
to a Vy, value (20) of 2.49 A3/Da and an estimated solvent
content of 50%.

Data Collection, Structure Determination, and Refinement.
Crystals were cryoprotected by increasing the PEG8000
concentration to 30% in 10% ethylene glycol before flash
freezing in liquid nitrogen. Diffraction intensities to 1.76 A
were collected at 100 K on beamline X6A at the National
Synchrotron Laboratory Source (NSLS), Brookhaven, pro-
cessed, and scaled with the HKL2000 package (21).

The structure of EPPasepgym was solved using the single
wavelength anomalous dispersion (SAD) technique. A run
consisting of 425° was collected on a single crystal at a
wavelength of 1.0 A to ensure high anomalous signal of the
tungsten. The heavy-atom substructure was solved in the
program SHELXD (22) with data truncated to 2.3 A
resolution. This resolution cut was based on statistics reported
by the program SHELXC. Four tungsten atoms were found
using this approach. Initial phases calculated with the
program SHELXE were improved by density modification
in the program DM of the CCP4 package (23). The resulting
electron density map calculated to 1.76 A proved to be of
excellent quality. This electron density was used to build an
initial model of four EPPasepgy monomers with the auto-
matic building procedure in ARP/WARP (24). This model
was further refined in REFMAC (25) to crystallographic
residuals Rerys/Riree of 19.5/22.9% and excellent stereochem-
istry. At this stage of the refinement, an (F, — F) electron
density map clearly showed the presence of positive peaks
(=50) that were not water molecules or protein atoms. Five
of these peaks were assigned to iodide atoms based on a
difference anomalous map, and the rest were modeled as
chloride or water molecules. This step reduced the Rpree
residual to 22.0%. One round of translation—libration—screw
(TLS) refinement (26) improved the Rery/Riree residuals to
18.8/21.0%. The final model lacks density for residues
69—71 in each monomer. Stereochemistry was checked with
the program PROCHECK (27). Tables 1 and 2 summarize
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Table 1: Statistics on Data Collection

unit cell dimensions (A3) 62.9 x 1344 x 135.2
space group P21212,

wavelength (A) 1.0

resolution (A) 95.3—1.75

number of observations 4704 596

number of unique reflections 114 147

completeness, overall (last shell)* (%) 99.7 (97.8)°

redundancy, overall (last shell)* 6.9 (6.3)°

(DKa(D), overall (last shell)* 29.6 (2.6)°

Ry (%) 9.9 (65.4)°

“Last shell is 1.78—1.75 A. °* Rym = Xiwll(hkD) —

Li(hk)/ X pali(hkl). © The shown statistics are obtained treating It and I~
as independent reflections in data scaling.

Table 2: Statistics on Model Refinement

resolution (A) 95.3—1.76
no. of reflections used 108 260
protein atoms 8172
nonprotein atoms 658

B factor (A2), overall (from Wilson plot) 24.7 (19.2)
Riree” (%), overall (last resolution shell) 21.0 (24.4)
Ryork” (%), overall (last resolution shell) 18.0 (21.6)
Rcrysl“ (%) 182

rms deviation in bond length A 0.013

rms deviation in bond angle (deg) 1.39
estimated standard uncertainties? (A) 0.108
Ramachandran plane (%) 93.8/6.0

“ Rigee = z(hk[)gT”F(ybsl - IFQ;]]CI|/2(hk])gT|F()bs|, where T is the test set
(38) obtained by randomly selecting 5% of the data. Last resolution
shell is 1.80—1.76 A bRwork = Z(hk[)gW”Fobsl - |Fcalcl|/2(hk[)gW|Fobsl,
where W is the working set. “ Reryst = ZwnllFobsl — 1Featell/ X k| Fops!
calculated over the entire set of unique reflections. ¢ Calculated from
Riree statistics. © Most favored/additional allowed regions. Asn98 of chain
B and Asp99 of chain C reside in disallowed regions.

statistics on data collection and model refinement. Coordi-
nates of B. mori EPPasepgy have been deposited in the
Protein Data Bank under accession number 3C7T.
Molecular Docking. The Autodock4 suite of programs (28, 29)
was used for the docking calculations. Ecdysone phosphate
(E22P) was built using the program CORINA3D (http://
www.molecular-networks.com/) and manually positioned
into chain A of EPPasepgm. The resultant structure of the
complex was relaxed using the module Discover3 of the
program package INSIGHT II (http://accelrys.com/) fixing
the backbone atoms of the pocket. The consistent valence
force field (CVFF) was used for energy minimization, and
2000 steps were applied with default parameters. Here, a
distance restraint was specified between the phosphorus atom
and atom NE2 of His380. The Autodock Tools (ADT) were
used to prepare the minimized protein and ligand, all
hydrogen atoms were added, and Gasteiger charges were
assigned to the protein. The AMIBCC charges (30) were
added to E22P using the package Chimera (37). The Autogrid
with 40 x 40 x 40 grid size with a spacing of 0.375 A
centered on the special position in the binding site was
prepared with ADT. Docking was performed using the
empirical free energy function and the Lamarckian genetic
algorithm applying the following protocol: the energy
evaluations were 100 000; the maximum number of iterations
was 27 000 for an initial population of 100 randomly placed
individuals with a mutation rate of 0.02, a crossover rate of
0.8, and an elitism value of 1. The number of docking runs
was set to 10 000, and the results were evaluated by sorting
the binding energy predicted by docking conformations. The
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FIGURE 1: Ribbon diagram of the EPPasepgy dimer. In the top view,
the dimer’s 2-fold axis is perpendicular to the plane of the page,
while in the bottom view it is vertical in the plane of the page.
Secondary structure elements and termini are indicated for one
monomer. The side chains of His80 and His260, as well as the
tungstate ions are shown in ball-and-stick representation to locate
the active site. Prepared with MOLSCRIPT (39) and PYMOL
(http://pymol.sourceforge.net/).

results were clustered with a tolerance of 2.0 A. The standard
error on these calculations is ~2.5 kcal/mol.

RESULTS

Overall Structure of the EPPasepcy. To gain insight into
the steroid phosphate phosphatase activity of B. mori
EPPasepgm, we crystallized this domain and solved its three-
dimensional structure by X-ray crystallography. The crystals
contain four molecules in the asymmetric unit organized into
two dimers. The dimeric structure of EPPasepgy in the crystal
is consistent with the size exclusion data (not shown).

The rms deviations calculated after superposing the Cots
of all four EPPasepgy monomers on each other range
between 0.29 and 0.50 A indicating that all monomers are
identical. The EPPasepgm monomer has an o/f3 structure
similar to that adopted by members of the 2H-phospha-
tase superfamily (/3, 14). A central six-stranded fS-sheet
forms the core of the monomer and is surrounded by eight
a-helices and four 3;o-helices. The C-terminal tail of each
monomer (residues 310—330) extends outside of the core
and makes strong interactions with the second monomer of
the dimer (Figure 1). The ?RHGE® signature motif is located
in a cavity formed by the carboxyl end of the central 3-sheet
and by surrounding loops. This cavity is solvent-exposed and
contains the conserved Argl60 and His260 in addition to
the signature motif. These residues are conserved in all 2H-
phosphatases and have been shown to be the key catalytic
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residues in these enzymes (/3, /4). Thus, the surface cavity
that lies at the carboxyl end of the 3-sheet likely constitutes
the active site of EPPase. The conservation of key catalytic
residues suggests a conservation of the catalytic mechanism
between EPPase and the 2H-phosphatases (see below and
Scheme 2).

Structural Comparison to Other 2H-Phosphatases. Having
established that EPPasepgy is structurally related to members
of the 2H-phosphatase superfamily, we compared its structure
to that of other 2H-phosphatases. The bacterial phosphatase
SixA is the smallest member in the superfamily. Its structure
in complex with tungstate is available (32), permitting a
comparison to the tungstate-bound structure of EPPasepgm.
Superposition of the two proteins (33) reveals an rms
deviation of 1.7 A calculated over 129 superposable Co
atoms out of SixA’s 161. This superposition leads to a
structure-based sequence alignment between the two proteins
(Supporting Information). The core is well conserved be-
tween the two enzymes. The differences lie in three second-
ary structure connecting loops, namely, the ones connecting
1 to a3 (residues 86—124), 53 to a7 (residues 189—236),
and o8 to 35 (residues 272—292) (Figure 2A and Supporting
Information). The first two loops are absent in SixA.
Interestingly, the structure of several 2H-phosphatases
contains two inserts after S1 and 3 as opposed to SixA’s
minimal topology. In addition to the three loops, the
C-termini of EPPasepgy (residues 311—330) and SixA
(residues 149—161) adopt different conformations and do
not superpose on each other (green in Figure 2A).

EPPase is highly homologous to the 2H-phosphatase Sts-
1. In turn, this primary amino acid sequence homology leads
to close structural homology between the PGM domains of
the two proteins (Figure 2 and Supporting Information). The
rms deviation calculated after superposing EPPasepgm and
Sts-1pgm (33) 1s 1.20 A for 224 equivalent Ca. atoms out of
260. Those inserts that differ topologically between SixA
and EPPasepgm superpose well between EPPasepgy and Sts-
Ipem (blue and crimson in Figure 2A), although there are
subtle structural differences that might be important for
substrate specificity (Figure 2B and later).

Unlike the C-terminus of SixA, both C-termini of EP-
Pasepgm and Sts-1pgm (green in Figure 2A) lie at the dimer
interface. In this regard, inspection of the Protein Data Bank
with the program PISA (34) shows that EPPasepgy dimerizes
in a similar fashion to Sts-1pgy but differently from the
manner in which other known 2H-phosphatases dimerize,
despite similarity in the overall fold (/7). Six regions of
EPPasepcy are involved in the dimer interface (Figure 3A):
residues 86—88 of helix-al, 103—110 of insert 1, 130—145
of helix-04, 264—268 of helix-a8, 288—300 at the end of
insert 3, and the C-terminal residues 308—330 (loop 56/57
and strand f7), which makes the majority of the dimer
interface. In addition, isolated residues such as Glu82,
His272, and GIn282 are also part of the dimer interface. The
dimer interface protects 2370 A2 of accessible surface area
and is hydrophobic in character since 64% of the atoms at
the interface are apolar while the remainding ones are polar.
More importantly, the EPPasepgy dimer interface is unique
in its location and extent when compared with other 2H-
phosphatases (/7). This suggests that EPPase and Sts-1 are
more related to one other than to other members of the 2H-
phosphatase superfamily.
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Scheme 2: Schematic Representation of the Proposed Reaction Mechanism of EPPase”

OH

HQ

“ Only catalytic residues are shown. See text for more details.

EPPasepgy

FIGURE 2: Comparison of B. mori EPPpgy, SixA, and Sts-1pgum.
(A) SixA (PDB ID 1UJC), EPPasepgm, and mSts-1pgy (PDB ID
2H0Q) monomers are shown in ribbon representation in similar
orientations. Conserved catalytic residues are shown in red ball-
and-stick: the histidines (H8/H108 in SixA, H80/H260 EPPasepgp,
and H380/H565 in mSts-1pgy), the arginines (R7/R55 in SixA, R79/
R83/R160 in EPPasepgy, and R379/R383/R462 in mSts-1pgm), and
the glutamates (E188 in EPPasepgy, and E490 in mSts-1pgy). The
secondary structure elements that are conserved among the three
proteins are in gray. The regions that deviate between SixA and
EPPasepgy are in crimson (insert 1), blue (insert 2), and yellow
(insert 3). The C termini are in green. (B) Stereoview of overlaid
Ca atoms of EPPasepgy (light gray) and mSts-1PGM (dark gray).
The three regions that deviate between EPPasepgym (residues
192—197, 272—292) and Sts-1PGM (residues 494—500, 575—593,
607—610) and shaded in gray in Supporting Information are colored
in red and blue, respectively. Conserved active site residues are
shown in gold to highlight the phosphate-binding site.

The EPPasepcy Phosphate-Binding Site. The structural
similarity between EPPasepgym, Sts-lpgm, and other 2H-
phosphatases is particularly strong within the catalytic
residues in the active site. As noted above, the EPPase
residues His80, His260, Arg79, and Argl60 that are strictly
conserved with other members of the 2H-phosphatase
superfamily (Supporting Information) cluster together at this
site. As in other 2H-phosphatases, His80 is stacked against
Arg79 and Argl60 (Figure 3B). In addition, other conserved
interactions ensure that the catalytic cavity adopts the same
structure as in many other 2H-phosphatases. For example,

the backbone amino group of Gly81 (Gly9 in SixA) makes
a hydrogen bond with the side chain hydroxyl group of the
conserved Thr164 (Thr59 in SixA) while its carbonyl group
interacts with His80. In the conserved '*’PLTRLG'3? motif
(¥PLTTNG? in SixA), the Leul28 side chain contacts
His80, Gly81, and Arg160 while the hydroxyl side chain of
Thr129 makes hydrogen bonds with the side chain of Glu82
of the ’RHGE?®? motif as well as with the backbone amino
group of Glyl132. The hydroxyl side chain group of the
conserved Ser156 (Ser51 in SixA) is within a hydrogen bond
distance from His260, while Prol57 (Pro52 in SixA)
introduces a sharp turn at the end of strand 32 leading the
polypeptide into helix a5.

The four conserved histidine and arginine residues are
complemented in the active site of EPPasepgy by another
basic residue, Arg83. The presence of numerous basic
residues gives the active site of EPPasepgy a strongly basic
positive potential (Figure 3C). Other factors are also likely
to contribute to the positive potential of the EPPasepgy active
site. For example, helix a8 is oriented such that its
N-terminus points toward the end of the 3-sheet where His80
is located (Figure 1) and the dipole moment of this a-helix
likely contributes to the positive potential in the active site.
Together, the active site basic residues and the a8 dipole
moment synergize to attract and stabilize a negatively
charged group such as a phosphate.

Four EPPasepcy residues found within the catalytic pocket,
Glu82, Arg83, Glul88, and Tyr295 are conserved in Sts-1
(Glu382, Arg383, Glu490, and Tyr596) but not in SixA.
These residues are close to the tungstate moiety (see below)
or border the catalytic pocket and therefore are believed to
play an important role in catalysis. For example, the side
chain of Arg83 (Alall in SixA) makes hydrogen bonds with
the tungstate and is stabilized by Asp85 (Asp385 in Sts-1).
In SixA however, the guanidium group of Arg21 is well
positioned to play the role of Arg83 in EPPasepgy. Water
molecules mediate the interaction between the tungstate and
the side chain of Glul88 (Pro81 in SixA), the only acidic
residue in the active site. The side chain of Glu82 of the
RHGE?? motif points away from the catalytic pocket and
makes hydrogen bonds with the side chains of Asn107 and
Thr129 as well as with Ser310 from the other monomer of
the dimer. The side chain of Tyr295 (Thr130 in SixA) is
positioned close to His80 and its function is unclear. The
conservation of these active site residues between EPPase
and Sts-1 but not in SixA suggests a common set of
substrates between the former two enzymes but not with
SixA.
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FIGURE 3: Dimerization and phosphate-binding site. (A) EPPasepgy is shown in surface representation in gray. Polypeptides and single
residues (272 and 282) at the dimer interface are colored in shades of red and indicated. (B) Superposition of the EPPasepgm active site
residues (yellow) with their equivalents in Sts-1pgy (red). (C) EPPasepgy oriented as in Figure 1 top view and displayed in its Connolly
surface is colored according to its electrostatic potential contoured from —15 (intense red) to 15 kg7/e (intense blue). (D) Interactions made
by the tungstate (T) ion and EPPasepgy. Active site residues within hydrogen-bonding distances of the tungstate ion are shown in ball-
and-stick. Dashed lines represent hydrogen-bond interactions and red spheres water molecules (W).

The conservation in the primary and tertiary structures of
the active site between EPPase and the 2H-phosphatases
suggests that the mechanism of substrate dephosphorylation
is also conserved between these proteins. According to this
mechanism, His80 conducts an in-line nucleophilic attack
on the phosphorylated substrate and becomes transiently
phosphorylated during catalysis. The release of the dephos-
phorylated substrate into the solvent is followed by the
hydrolysis of phosphorylated-His80 by an activated water
molecule to produce free phosphate and the enzyme is
available for a new cycle of activity (Scheme 2) (13, 14).
The strong hydrogen bond between ND1 of His80 and the
main chain carbonyl of Gly81 ensures that ND1 is proto-
nated, thereby leaving NE2 deprotonated and capable of
nucleophilic attack on a phosphate group (Figure 3D). The
conserved Arg79/Arg83/Argl60/His260 are predicted to
stabilize the structures of the transition states during catalysis,
while Glul88 and His260 are involved in the subsequent
dephosphorylation of the phosphoenzyme. In support of this
proposed scheme, we found a tungstate ion trapped in all
four chains in the middle of the active site with the tungsten
atom at 2.40 to 2.50 A from NE2 of His80. It is stabilized
by a network of hydrogen bonds with the side chains of the
basic residues Arg79, His80, Arg83, Argl60, Glul8S,
His260, and Lys292 and the main chain amino group of
Ala261 (Figure 3D). These interactions are tighter than those
made between the tungstate ion and the active site of SixA

(32). Except for Lys292, which has no equivalent in Sts-1
or other 2H-phosphatases, the residues that stabilize the
tungstate ion adopt an identical conformation in apo-Sts-
Ipgum (Figure 3B) implying that the active site is rigid and
does not change its conformation upon the binding of
substrates. This conclusion is supported by the observation
that the catalytic residues are also involved in a network of
hydrogen bonds with neighboring EPPase residues.

Although the overall PGM domains of EPPase and Sts-1
superpose well, there are significant sequence differences in
residues bordering the proposed active site of each enzyme.
Specifically, residues 191—199 at the N-terminus of insert
2 and residues 272—292 of insert 3 (Supporting Information)
that connect a8 to 46 form two loops in EPPase at opposite
sides of the phosphate binding site that structurally deviate
from their counterparts in Sts-1 (residues 493—502 and
577—593). As shown in Figure 4, the conformation of these
two loops creates an open, solvent-exposed cavity in EP-
Pasepgm. In contrast, the same cavity on the surface of Sts-
1pgwm is filled with the bulky aliphatic side chains of Trp491,
Trp494, Phe587, Val588, and Val591 restricting the access
to this pocket in Sts-lpgm. The equivalent residues in
EPPasepgy are either pointing to the solvent, as is the case
of Trp192 and Leu290 or are less bulky as in the case of
Phe189.

The Putative Ecdysone Phosphate-Binding Site. The
EPPase structure does not show a cavity similar to the
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Sts-1pGM

FIGURE 4: Comparison of the surroundings of the phosphate-binding site in EPPasepgym and Sts-1pgv. EPPasepgy (gray) and Sts-1pgm (red)
were superposed (33), overlaid, and shown in stick or surface representations. The tungstate ion is shown in cyan. Hydrophobic residues
of Sts-1pgym that block the access to a cavity that is otherwise solvent-exposed in EPPasepgy are labeled in red.

ecdysone-binding site found in the EcR (35) suggesting that
it represents the prototype of a new ecdysone-binding site.
To investigate where in the EPPase structure the ecdysone
phosphate binds, we docked the steroid phosphate molecule
using the program Autodock (28) into the EPPase struc-
ture from which we removed the tungstate. As modeled
(Figure 5), the steroid phosphate sits in the solvent-exposed
pocket located at the C-terminal end of the f-sheet and
replaces eight structural water molecules found in the
tungstate bound structure. To accommodate the ecdysone
phosphate the side chains of Lys196 and Lys292 had to adopt
a new rotamer conformation while the rest of the pocket
retained its structure. In this configuration, the calculated free
energy of binding of the ecdysone phosphate is —6.41 kcal/
mol. The ecdysone phosphate makes several hydrogen bond
and van der Waals interactions with the protein. For example,
the side chain of the ecdysone is stabilized by the side chains
of Glul88, 11e262, and Lys292 and by hydrogen bonds
between its hydroxyl group and the main chain amino groups
of Ala261 and I1e262. In addition, the phosphate moiety at
position 22 makes hydrogen bonds with the side chains of
Arg79, His80, and His260. This moiety is positioned close
to the nucleophilic His80 in the same site that is occupied
by the tungstate such that the phosphorus atom is 2.94 A
from the deprotonated NE2. The ring structure of the steroid
makes several hydrogen bonds through its hydroxyl groups
with the main chain carbonyl groups of Lys124 and Gly197
and the side chains of Argl60, Glul88, and Lys196. In
addition, the ring structure is partly protected from the solvent
by the long side chain of Lys196. This pocket is conserved
between EPPase and Sts-1 with one difference. In Sts-1, the
bulky side chain of Trp494 clashes with the E22P side chain
suggesting that Sts-1 will hydrolyze E22P less efficiently.

Phosphatase Activity of the Recombinant B. mori EP-
Pasepcy. Given that the full-length EPPase showed a
phosphatase activity (9), we investigated whether recombi-
nant EPPasepcy retained this activity. EPPasepgy was tested
for its ability to hydrolyze the nonspecific phosphatase
substrate pNPP. pNPP has been shown to be a substrate of
EPPase and a competitive inhibitor of E22P (9). A time
course of EPPasepgm-catalyzed pNPP hydrolysis at different
substrate concentrations (50 4M to 10 mM) demonstrated
that recombinant EPPasepgy is capable of dephosphorylating
pNPP with kinetics that resemble a Michaelis—Menten
enzyme-catalyzed reaction. Initial reaction velocities at each
pNPP concentration were measured and plotted (Figure 6A).
Fitting of the data points to eq 1 resulted in a K, value of
1.9 £ 0.2 mM for the pNPP and a turnover number k., of
11.7 £ 0.6 s~!. These values are 7 and 11 times lower than

y /5

FIGURE 5: Putative E22P binding site. Docking of E22P to
EPPasepgym orientated as in Figure 4, was done with Autodock (28).
Hydrogen bond interactions between E22P and its proposed binding
pocket shown in stick and surface representation are shown as dotted
lines.

the previously reported values for the native or recombinant
full-length protein but result in a k. /K,, ratio that is very
comparable (6000 versus 10300 M~! s7!, Table 3). In
comparison, the ke and ke./Ky, values of EPPasepgy are
6-fold and 20-fold slower than that of the homologous Sts-
Ipgm (Table 3). Mutation of His80 to serine completely
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FIGURE 6: Phosphatase activity of recombinant B. mori EPPasepcm. (A) Assays were carried out with 50 nM EPPasepgy wild-type, K196S,
K196D, or K292S mutants and pNPP at various concentrations. K, and k., were obtained after fitting the data points to eq 1. Inhibition
of EPPasepgwm activity by (B) tungstate or (C) phosphate. Initial velocities of pNPP hydrolysis by EPPasepgy were measured and plotted at
the indicated tungstate or phosphate concentrations (®). The data points were fitted to eq 2. All assays were conducted at pH 7.5 and 37
°C. (D) Phosphatase activity assay was carried out as in panel A with prednisolone 21-phosphate as substrate.

Table 3: Comparison of the Phosphatase Activity of Sts-lpgy and
EPPasepgm

Table 4: ICso and Ky Values (uM) of Various EPPasepgy Inhibitors
Measured with 1 mM pNPP

keat keat Kin activity

substrate/enzyme (s7h Ky (mM) M~!s7h (%)*
pNPP

Sts-1pgm 70.1 0.5 +0.07 140 000 8 400

EPPasepcm 11.7 1.9+0.2 6 000 100

EPPaSCpGM H80S b b

EPPasepgm K196S 5.0 2.7+0.16 1873 31

EPPasepgm K196D 2.4 25402 984 16

EPPasepgm K292S 6.3 24402 2 625 50
pTyr

EPPasepcm 7.5 3.6 2 083 347
prednisolone 21P

Sts-1pcm 0.15 045+0.09 334 6

EPPasepcm 5.9 0.65+0.17 9014 150

EPPE[SCPGM H80S b b

EPPasepgm K196S 6.1 1.06 £ 0.24 5666 94

EPPasepgym K292S 4.2 0.51 +£0.23 8327 139
dexamethasone 21P

EPPasepcm 3.44 2.0+0.14 1721 29
pB-methasone 21P

EPPasepcm 10.2 0.73 £0.32 14029 234

EPPase“(pNPP) 135 13.1 10 300

EPPase“(E22P) 0.94 0.0059 161 000

“ EPPasepgm activity against pNPP is used as a reference (100%).
Not detectable. ¢ Values taken from ref 9.

abolishes the phosphatase activity of EPPasepgm consistent
with the role of His80 as a key catalytic residue during
hydrolysis. Tungstate, vanadate, and phosphate, which are
common phosphatase inhibitors slowed down the activity of
EPPasepcy (Figure 6B,C). Fitting the initial rates of pNPP
hydrolysis plotted versus the inhibitor concentration to eq 2

EPPasepGM
inhibitor 1Cs¢ K
tungstate 52 34
vanadate 2906 1900
phosphate 47 066 25770

reveals that the ICsy of tungstate is 52 + 0.8 uM while the
ICs¢’s of vanadate and phosphate are 2.9 £ 0.43 and 47 £+
11 mM, respectively (Table 4). In accordance with previous
data (9), L-tartrate, a common inhibitor of PGM proteins did
not inhibit pNPP hydrolysis by EPPasepgm even when
concentrations as high as 100 mM were used in the assay.

Given that EPPase was cloned based on its ability to
dephosphorylate E22P (9), we assessed the ability of
recombinant EPPasepgy to dephosphorylate various steroid
phosphates. Prednisolone 21-phosphate, a steroid phosphate
that resembles E22P although with a shorter side chain, was
shown to be substrate for EPPase (/5). EPPasepgy (50 nM)
hydrolyzes prednisolone 21-phosphate, dexamethasone 21-
phosphate, and 3-methasone 21-phosphate. Fitting of the data
points to eq 1 resulted in K, values of 0.65 4 0.17, 2.0 £+
0.14, and 0.73 £ 0.32 mM and turnover numbers k., of 5.9,
3.44, and 10.2 s7!, respectively (Table 3). By comparison, a
higher Sts-1pgy concentration (500 nM) was needed to detect
dephosphorylation. In addition, the k../Ky ratio for pred-
nisolone 21-phosphate dephosphorylation is 27-times higher
for EPPasepgm than for Sts-1pgy, a result that is mainly due
to a higher turnover number (5.9 vs 0.15 s™1). Taken together,
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FIGURE 7: PTP activity of EPPasepgm. (A) Dephosphorylation of a pTyr-containing peptide by wild-type, HS0S mutant EPPasepgm, and
Sts-1pgm (50 and 500 nM). The concentration of the released phosphate was measured using the malachite green assay read at 650 nm. (B)
Plot of the initial rate of hydrolysis vs the pTyr-peptide concentration. (C) Proteins from TCR-stimulated Jurkat cells were isolated by
immunoprecipitation, eluted from the pTyr antibodies, and evaluated as EPPasepgm substrates at the indicated concentration. Reaction
products were evaluated by anti-phosphotyrosine Western analysis. All assays were conducted at pH 7.5 and 37 °C. Each assay was repeated

at least three times. Figures are representative of one experiment.

our biochemical data suggest that despite the structural and
sequence homology Sts-1pgy and EPPasepgy exhibit different
substrate specificity.

Probing the role of Lys292 and Lys196 in Catalysis. Close
inspection of the EPPasepgym active site reveals the presence
of a lysine residue (Lys292) that is not conserved in any
other known 2H-phosphatase. The side chain amino group
of Lys292 is within 2.7 A from a tungstate oxygen implying
a strong hydrogen bond with the phosphate analogue (Figure
3D). This observation in conjunction with the docking results
that showed the side chains of Lys292 and Lys196 close to
E22P raises the possibility that these two lysines play a
unique role in the EPPase phosphatase reaction. To test this
hypothesis, we cloned and purified the (K196S, K196D) and
K292S mutants of EPPasepgy and evaluated their phos-
phatase activity. As shown in Figure 6A,D and Table 3, the
two lysine mutants hydrolyze pNPP with a 2—5 times lower
kea constant than wild-type but prednisolone-21P with kinetic
constants similar to those of the wild-type EPPasepgm. We
also tested the ability of tungstate to inhibit the activity of
the K292S mutant and found that under the same conditions
used for the wild-type protein the ICsy of tungstate is 70
uM for the K292S mutant similar to the 52 uM found for
the wild-type EPPasepgm. Taken together, these data show
that despite the tight interaction with the tungstate, Lys292
and Lys196 contribute modestly to the phosphatase reaction.
They also imply that the strictly conserved arginine and
histidine residues lining the active site suffice for the catalytic
activity. Likely, the positively charged Lys292 side chain is
nonspecifically attracted to the tungstate anion hole.

Substrate Specificity of EPPasepcy. Many 2H-phos-
phatases exhibit stringent substrate specificity while others
are promiscuous. To evaluate EPPasepgy substrate specificity,
we tested different phosphorylated compounds as substrates.
We incubated EPPasepgy with a variety of phosphorylated
small molecules that can be dephosphorylated by the
promiscous human prostatic acid phosphatase, hPAcP (36, 37).
EPPasepgy (50 nM) was incubated under standard reaction
conditions with 1 mM fructose-6-phosphate, S-ribose-5-

phosphate, inosine-5-monophosphate, 1-naphtyl phosphate,
[-glucose-6-phosphate, and f-phosphoglycerol at pH 7.5.
Compared with pNPP, which was used as a positive control,
EPPasepcy failed to dephosphorylate any of the phospho-
rylated small molecules (data not shown), thus exhibiting
the characteristics of an enzyme with defined substrate
specificity.

The close structural similarities between EPPasepgy and
Sts-1pgm and the fact that Sts-1pgm acts as a PTP led us to
examine whether EPPasepgy had a PTP activity. First, we
tested the following pTyr-containing peptide (NH,-SVYESP-
pY-SDPEE-COOH). As illustrated in Figure 7A, recombi-
nant EPPasepgm (50 nM) was able to dephosphorylate the
phosphopeptide (1 mM). By comparison, the level of
dephosphorylation is approximately ten times less than that
of Sts-1pgm. The Sts-1pgm level of dephosphorylation can
be reached when a higher EPPasepgy (500 nm) concentration
is used. To characterize the kinetics of EPPasepgy dephos-
phorylation of the pTyr-peptide, we followed the time course
of the dephosphorylation reaction at different peptide con-
centrations (0.1—5 mM). Initial reaction velocities at each
peptide concentration were measured and plotted as a
function of the peptide concentration (Figure 7B). Fitting of
the data points to eq 1 resulted in a K, value of 3.6 £ 0.7
mM and a turnover number ke, = 7.5 & 1.4 s7! yielding a
specificity constant (keu/Kpy) = 2083 M~! s~! for the pTyr-
peptide. These kinetic constants are comparable to the
constants measured for pNPP and the steroid phosphates
(Table 3) but differ from the reported constants for E22P
(9). For example, the specificity constant (kc,/Kn) for E22P
was found to be 161 000 M~! s~!, which is 80-times higher
than that measured for the pTyr-peptide. This result suggests
that EPPase has a higher specificity for the conjugated
steroid. This higher specificity is primarily due to the 610-
times lower K, for E22P (5.9 uM) than for the pTyr-peptide
(3.6 mM) even though the k¢, for the E22P is 8 times lower
than that of the pTyr-peptide. However, one should keep in
mind that the sequence of the pTyr-peptide used in this study
is that of a random peptide and not of an EPPasepgm
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optimized one. We thus expect higher values for the
specificity constant for optimized peptides. Such discrepancy
was noted when different peptides were tested as substrates
for Sts-1pgm (N.C., unpublished data).

Next, we tested the phosphatase activity of EPPasepgm
against pTyr-containing proteins. Tyrosine-phosphorylated
proteins were obtained from TCR-stimulated T cells by
immunoprecipitation and evaluated as substrates of recom-
binant EPPasepgy. As shown in Figure 7C, both wild-type
and K292S mutant of EPPasepgym dephosphorylated pTyr-
containing proteins in a dose-dependent manner, while the
H80S mutant showed no activity even when used at high
concentrations. These observations are consistent with the
data presented in Table 3, namely, that His80 is a key
catalytic residue while Lys292 is not critical for catalysis.
EPPasepgym appeared less efficient than Sts-1pgym, as judged
by the need to utilize 10-fold more EPPasepgm enzyme to
achieve similar levels of dephosphorylation by Sts-1pgm. The
need for higher EPPasepgy concentrations to reach Sts-1pgum
levels of dephosphorylation for the substrates pNPP, pTyr-
peptide, and pTyr-proteins shows that EPPase is a less
efficient pTyr-phosphatase than Sts-1. Thus, in addition to
being a steroid phosphate phosphatase, EPPase possesses an
intrinsic PTP activity in vitro.

CONCLUSION

In the present work, we determined the crystal structure
of the first steroid phosphate phosphatase and characterized
its activity using in vitro assays. Consistent with the presence
of a P"RHGE® signature motif, our structural and biochemical
data demonstrate that EPPase belongs to the 2H-phosphatase
family of enzymes. This result is supported by the finding
that the structures of the EPPase and the bacterial 2H-
phosphatase SixA are related with conservation of both key
catalytic residues as well as key interactions that hold the
active site together. These conserved residues stabilize the
phosphate of the substrate through tight hydrogen bonds as
seen with the tungstate moiety, and mutating one of them,
namely, His80, dramatically reduces the phosphatase activity
of EPPase. Among the 2H-phosphatases, EPPase is structur-
ally and functionally more related to the Sts proteins than to
any other family member. This homology has several
implications and raises a few questions on the actual
function(s) of EPPase.

First, our biochemical and structural data raise the pos-
sibility that EPPase, which was initially cloned based on its
ability to dephosphorylate ecdysone phosphate in vitro might
also function as a PTP. The finding that EPPase hydrolyzes
tyrosine-phosphorylated proteins and pTyr-like substrates
including pTyr-peptides and pNPP while small non-pTyr-
like molecules are not substrates for EPPase supports the
latter idea. Our data thus suggest that EPPase’s activity could
serve at least two purposes: to activate ecdysone regulated
signaling pathways and to down-regulate cellular signaling
pathways downstream of a protein tyrosine kinase. In the
absence of the structure of a complex between EPPase and
a substrate, the reason for the selective specificity of
EPPasepgy toward phosphorylated substrates is not well
understood. Interestingly, EPPase is inhibited by known PTP
inhibitors such as tungstate, vanadate, and phosphate. From
a structural point of view, the homology to Sts-1, which was
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shown to be a PTP, also speaks to a potential PTP role for
EPPase. The solvent accessibility of the EPPasepgy active
site, which was also noted for Sts-1 and SixA both of which
have phosphorylated proteins as substrates, is in accordance
with a large substrate. These structural arguments however,
do not prove that EPPase is a PTP since Sts-2, an Sts-1
isoform, which structurally resembles Sts-1 more than
EPPase does, has even a weaker PTP activity (Y.C., N.C.,
N.N to be published, ref /7). Whether the PTP activity of
EPPase is relevant in vivo remains to be examined.

Second, despite the strong structural and sequence homol-
ogy between the PGM domains of Sts-1 and EPPase
especially in the active site, Sts-1 is a better PTP whereas
EPPase is a better steroid phosphate phosphatase. Very likely,
nonconserved residues surrounding the active site are
responsible for this difference in activity.

Third, a noteworthy aspect of the structural homology
between EPPasepcy and Sts-1pgym is the way they dimerize.
As illustrated in Figure 1, the C-terminal tails of each
monomer intercalate with one another. The specific interac-
tions formed by these contacts that lead to EPPase dimer-
ization appear to be unique among the 2H-phosphatases. The
functional significance of this mode of dimerization is
unclear, especially in the context of a small substrate like a
steroid phosphate that can be fully recognized by a mono-
meric EPPase. We suggest that in ways yet unknown, the
dimerization of EPPase is directly related to its physiological
function and the nature of its substrate(s). This is an area of
ongoing research in our laboratories. Regardless, it is likely
that EPPase and Sts proteins evolved from a common
ancestral 2H-phosphatase and that based on their interesting
mode of dimerization they likely constitute a distinct
subgroup within the 2H-phosphatase family.
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