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ABSTRACT: The PPM phosphatases require millimolar
concentrations of Mg>* or Mn*" to activate phosphatase
activity in vitro. The human phosphatases PP2Ca (PPM1A)
and Wipl (PPMI1D) differ in their physiological function,
substrate specificity, and apparent metal affinity. A crystallo-
graphic structure of PP2Ca shows only two metal ions in the
active site. However, recent structural studies of several
bacterial PP2C phosphatases have indicated three metal ions
in the active site. Two residues that coordinate the third metal
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ion are highly conserved, suggesting that human PP2C phosphatases may also bind a third ion. Here, isothermal titration
calorimetry analysis of Mg** binding to PP2Ca distinguished binding of two ions to high affinity sites from the binding of a third
ion with a millimolar affinity, similar to the apparent metal affinity required for catalytic activity. Mutational analysis indicated
that Asp239 and either Asp146 or Asp243 was required for low-affinity binding of Mg*", but that both Asp146 and Asp239 were
required for catalysis. Phosphatase activity assays in the presence of MgCl,, MnCl,, or mixtures of the two, demonstrate high
phosphatase activity toward a phosphopeptide substrate when Mg®" was bound to the low-affinity site, whether Mg** or Mn**
ions were bound to the high affinity sites. Mutation of the corresponding putative third metal ion-coordinating residues of Wip1
affected catalytic activity similarly both in vitro and in human cells. These results suggest that phosphatase activity toward
phosphopeptide substrates by PP2Ca and Wipl requires the binding of a Mg*" ion to the low-affinity site.

rotein phosphorylation by kinases and subsequent
dephosphorylation by phosphatases is exploited in all
three domains of life in forming signaling pathways but is
especially prominent in eukaryotes. Serine/threonine phospha-
tases are classified into the evolutionarily unrelated PPP and
PPM superfamilies by sequence similarity, sensitivity to
inhibitors, and metal-ion dependence.l_3 The PPM phospha-
tases are insensitive to okadaic acid, a potent inhibitor of the
PPP family phosphatases, and require supplementation with
millimolar concentrations of Mg** or Mn** for catalytic activity
in vitro."® Analysis of PPM phosphatase protein sequences has
identified 13 motifs conserved among the PP2C phosphatases,
11 of which are also conserved among the more distantly
related SpollE-type phosphatases.* Seventeen genes encoding
PP2C phosphatases have been identified in the human
genome.'™* Although the PP2C phosphatases account for a
small portion of the protein phosphatase activity in eukaryotic
cells, their activity is especially important in cellular stress
signaling pathways that regulate cell growth, survival, and
apoptosis.l’6
PP2Ca (PPM1A) was the first member of the human PP2C
family to be identified and remains the best-characterized.'
Wipl (PPMID) was first characterized as a gene induced by
the pS3 tumor suppressor after exposure of cells to DNA
damaging agents, such as ionizing radiation (IR) and ultraviolet
radiation.” In general, both proteins are negative regulators of
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cellular stress-response pathways but differ in their substrate
specificity, patterns of tissue-specific expression, and character
as a tumor suppressor or oncogene. Both proteins negatively
regulate the mitogen-activated protein kinase (MAPK p38a)
pathway through dephosphorylation of pThrl180 of MAPK
p38a.®® Activation of MAPK p38a requires phosphorylation of
both Thr180 and Tyr182 within its activation loop; removal of
either modification inactivates the kinase.” On the basis of in
vitro phosphatase assays, PP2Ca had greater activity toward the
monophosphorylated pThr180 peptide, whereas Wipl had
greater activity toward the diphosphorylated peptide.'® PP2Ca
activates the tumor suppressor p53 as a transcription factor,
resulting in cell cycle arrest, increased apoptosis, and reduced
tumorigenicity.l’11 Conversely, Wipl negatively regulates pS3
by inactivating upstream kinases, including Ataxia telangiectasia
mutated (ATM) and MAPK p38>'*"® by reducing DNA-
damage signaling through dephosphorylation of yH2AX' 16
and by stabilizing MDM2, the major negative regulator of p53
stability.'” Thus, Wipl has been shown to be an important
negative regulator of several tumor suppressors, including
p53>,18_20 whereas PP2Ca functions as a tumor suppressor
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protein through pS53-dependent and -independent mecha-
nisms. "’

A crystal structure of PP2Ca was reported in 1996.>" The
catalytic domain of PP2Ca is formed by a p-sandwich
consisting of two antiparallel S-sheets with a pair of a-helices
flanking each f-sheet. The active site was identified as a shallow
groove containing two Mn®" ions coordinated by water
molecules and several highly conserved aspartic acid residues.”!
The catalytic mechanism has been elucidated as an instance of a
binuclear metallohydrolase.”’>* In addition, PP2Ca has a
small domain of unique structure, called a Flap domain, which
is inserted between strands 8 and f9 of the catalytic
domain.>***° This domain, which spans conserved motifs Sa
and Sb, is found in the PP2C phosphatases, the mitochondrial
pyruvate dehydrogenase phosphatases (PDP), and the
phosphatase domains of fungal adenylate cyclases but is absent
in bacterial SpollE-type phosphatases.**® The function of the
Flap domain is uncertain but appears to be involved in
substrate recognition.25’27’28

The initial mechanism proposed for the catalytic activitz of
PP2Ca was based on the involvement of two metal ions.”"**
Despite its other strengths, the mechanism did not provide an
explanation for the observed requirement for millimolar
concentrations of metal ions to activate phosphatase activity,
as the two Mn>' ions of PP2Ca observed in the crystal
structure are bound with higher affinities. Recently, structural
studies of several bacterial PP2C phosphatases revealed the
presence of a third metal ion in the active site.”*>%%73!
Although catalytic mechanisms involving three metals have
been proposed,*®*” the function of the third metal ion remains
controversial. As two of the residues coordinating the third
metal ion are highly conserved, the involvement of a third metal
ion in the catalytic mechanism was sugé%ested to be a general
characteristic of PP2C phosphatases.”™ Accordingly, recent
structural studies of two plant PP2C phosphatases have also
revealed the presence of three metal ions in the active site.*”>*

In this study, we have investigated the millimolar-affinity
binding of magnesium ions to human PP2Ca using site-
directed mutagenesis, phosphatase activity assays, and iso-
thermal titration calorimetry (ITC). Our results provide a
thermodynamic characterization of the binding of a third
magnesium ion to PP2Ca, suggest that its binding is essential
for catalytic activity, and provide further explanations for the
absence of a third metal ion in crystals of PP2Ca grown at low
pH. In addition, we show that mutation of the corresponding
residues in Wipl similarly abolished or reduced phosphatase
activity both in vitro and in human cells. Analysis of the
conservation of active site residues suggests that the
involvement of a third metal ion in the catalytic mechanism
is likely to be a feature common to many of the human PP2C
phosphatases.

B EXPERIMENTAL PROCEDURES

Expression Vectors. PP2Ca ¢cDNA was cloned into the
BamHI-Kpnl sites of the pET45b(+) vector by PCR using the
following oligonucleotide primers: 5'-ACGTGGGTACCA-
TGGGAGCATTTTTAGACAAGC-3" and 5'-AATTGGGAT-
CCTTACCACATATCATCTGTTGATGTAGAGTC-3’
(pET45b(+)-His-PP2Ca). To generate a vector expressing the
fusion protein with a tobacco etch virus (TEV) protease site
inserted between the 6XHis tag and PP2Ca (pET4Sb(+)-His-
TEV-PP2Ca), the oligonucleotide duplex formed by §'-
GTACGGGAGAAAACCTGTACTTCCAGTCAGGAG-3’
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and 5-GTACCTCCTGACTGGAAGTACAGGTTTTCT-
CCC-3’ was phosphorylated using T4 polynucleotide kinase
and cloned into Acc6SI-digested pET45b(+)-His-PP2Ca. To
generate a vector expressing the catalytic domain of Wipl as a
fusion protein with an N-terminal 6XHis-ProS2 domain
(pCold-His-ProS2-Wip1(1—420)), Wipl cDNA was cloned
into the Ndel and HindIIl sites of the pCold-ProS2 vector
(TAKARA) by PCR using the following oligonucleotide
primers: 5'-GGAATTCCATATGGCGGGGCTGTACTC-
GCTG-3', 5'-CCCAAGCTTACTTGACTGGTGGTGTAG-
AACATG-3'. Vectors to express WT and D314A Wipl in
mammalian cells were obtained from Addgene (plasmids 28105
and 28106);>° the corresponding parental vector, pPCMV-Neo-
Bam, has been described.>® Point mutations were introduced
into bacterial or mammalian expression vectors using the
Quickchange II or Quickchange II XL Mutagenesis kit
(Agilent) and verified by sequencing.

Protein Expression and Purification. All proteins were
expressed in Escherichia coli BL21(DE3). pET4Sb(+)-His-
PP2Ca, pET45b(+)-His-TEV-PP2Cq, and derived mutant
vectors were grown in Luria—Bertani broth (LB) at 37 °C
and induced with 0.1 mM isopropyl-1-thio-$-p-galactopyrano-
side (IPTG) at 30 °C overnight. Upon induction, 1 mM MnCl,
was added to the LB. Cell pellets expressing wildtype (WT) or
mutant His-PP2Ca were resuspended in Buffer A (phosphate-
buffered saline (PBS), 2 mM 2-mercaptoethanol (f-ME), 10%
glycerol, 0.2% Triton X-100, and ethylenediaminetetraacetic
acid (EDTA)-free protease inhibitor cocktail tablets (Roche))
supplemented with 2 mM MnCl, and lysed by sonication. The
lysate was centrifuged at 13000g to pellet cellular debris, and
the supernatant was incubated with TALON metal affinity resin
(Clontech) equilibrated with Buffer B (PBS with S00 mM
NaCl, 1 mM $-ME and 10% glycerol) for 1 h at 4 °C. The resin
was then washed by gravity flow with 16—20 column volumes
of Buffer B followed by 16—20 column volumes of Buffer C (50
mM tris(hydroxymethyl)aminomethane (Tris)-HCIl (pH 7.5),
0.02% f-ME, 0.1 mM ethylene glycol tetraacetic acid (EGTA))
with § mM imidazole. His-tagged protein was eluted with
Buffer C plus 150 mM imidazole. Peak fractions were dialyzed
against Buffer C plus 10% glycerol for 1 h and again overnight
in fresh buffer to remove imidazole. The dialysis buffer for
PP2Ca RI86A mutant contained, in addition, 2 mM MnCl,.
Cell pellets expressing WT and mutant His-TEV-PP2Ca were
resuspended in Buffer D (50 mM 4—2-hydroxyethyl-1-
piperazineethanesulfonic acid (HEPES) (pH 7.5), 150 mM
NaCl, 2 mM MgCl,, 2 mM S-ME, 10% glycerol, and 0.1 mM
EGTA) with EDTA-free protease inhibitor cocktail (Roche)
and 0.2% Triton X-100 and lysed by sonication. The lysate was
centrifuged at 13000g. His-TEV-PP2Ca protein contained in
the supernatant was purified by TALON metal affinity
chromatography as described above except that Buffers B and
C were replaced by Buffer D, with addition of 5 mM or 150
mM imidazole for the corresponding steps. Following overnight
dialysis against Buffer D, the His-TEV-PP2Ca-containing
fraction was incubated with TEV protease for 2 h at 30 °C
and then incubated with TALON metal affinity resin
equilibrated with Buffer D to remove the cleaved His-tag. For
WT and mutant proteins prepared by the EDTA method, the
unbound protein and peak fractions collected after a Buffer D
wash were pooled and dialyzed against ITC buffer (50 mM
HEPES (pH 7.5), 150 mM NaCl, 10% glycerol, 2 mM f-ME)
supplemented with S mM EDTA for 1 h, four times, followed
by ITC buffer for 1 h, two times, and then overnight. For WT
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and mutant proteins prepared by the dialysis method, purified
proteins supplemented with 8—30 mM MgCl, were dialyzed
against ITC buffer for 1 h, two times, and then overnight. For
additional ITC analysis of WT PP2Ce, dialysis buffers were
treated with Chelex-100 resin, as specified in the text.

Cultures of pCold-His-ProS2-Wip1(1—420) and mutants
were grown in LB at 30 °C and induced with 0.25 mM IPTG
overnight at 15 °C. Cell pellets were resuspended in Buffer A
and lysed by French press. Following removal of cellular debris
by centrifugation, the protein was purified by the same method
as His-PP2Ca, except that the TALON metal affinity column
containing the bound protein was washed sequentially by
Buffer B (16—20 column volumes), Buffer C with 5§ mM
imidazole (16—20 column volumes), and Buffer C with 150
mM imidazole (6 column volumes). His-tagged ProS2-
Wipl(1—420) was eluted with Buffer C plus 400 mM
imidazole, and peak fractions were dialyzed as described
above. All purified proteins were at least 95% pure as
determined by gel electrophoresis followed by staining with
Simply Blue Safe Stain (Invitrogen).

Steady-State Kinetics Assays. The sequence of the
synthetic human p38a (175—185)(180pT) peptide used as
substrate is NH,-TDDEMpTGYVAT-COOH. Phosphatase
activity toward the phosphopeptide substrate was measured
by a Biomol green-based assay (Enzo Life Science), following
the manufacturer’s protocol. For determination of the initial
rates of phosphatase activity, 15 ng of WT or mutant His-
PP2Ca was incubated with various concentrations of human
p38a (175—185)(180pT) peptide and MgCl, in Buffer C plus
40 mM NaCl at 30 °C for 9 min. For determination of the
metal dependence of activity, MnCl,, CaCl,, or ZnCl, was
substituted for MgCl,. In addition, some experiments were
performed under the same conditions using WT or mutant
PP2Ca from which the 6XHis tag had been removed. Initial
rates of reaction for WT or mutant His-ProS2-Wipl were
determined similarly, except that 60 ng of protein was used, and
the reaction was allowed to proceed for 7 min. Phosphatase
activity toward p-nitrophenyl phosphate (pNPP) was measured
under the same conditions described above except that 120 ng
of His-PP2Ca and the indicated concentrations of MnCl, were
used. The assay was terminated by adding NaOH and EDTA.
The amount of p-nitrophenol released was determined
spectrophotometrically (¢ = 18000 M™' cm™ at 410 nm).
For determination of the pH dependence of the activity, 50
mM Tris-HCl (pH 6.5) or S0 mM MES-NaOH (pH 5.0) was
used in place of 50 mM Tris-HCl (pH 7.5). The initial rates
were fitted to the Michaelis—Menten equation (eq 1) to
determine the K, and V. values,

v=V_.[S]/(K, + [S]) (1)

where [S] is the concentration of substrate. The value of k_,
was calculated from V= k,[E],. To analyze the metal ion
concentration-dependence of phosphatase activity, the initial
rates of phosphatase activity were fitted to eq 2 to determine
values for V. and the apparent Michaelis constant for metal
ion dependent-stimulation of enzymatic activity, K.y,

V= Vmax[A]/ (I<metal + [A])

where [A] is the concentration of metal ion activator.
Isothermal Titration Calorimetry. ITC measurements
were performed using an ITC-200 calorimeter (MicroCal,
Northhampton, MA). Titrations were performed in HEPES
buffer at 25 °C as specified in the figure legends, with 50 yM
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and 125—175 uM protein for tight and weak metal binding,
respectively. Integrated heats of injection were analyzed using
Origin 7.0 software (MicroCal, Northhampton, MA) and were
fitted to a one-site binding model or a two independent sites
binding model. PP2Ca samples at 10 uM were analyzed for
magnesium content by inductively coupled plasma optical
emission spectrometry (ICP-OES) (Intertek, Whitehouse, NJ).
The limit of detection of magnesium by this method is below 1
pg/L.

Cell Culture, Transfection, Treatment, Protein Extrac-
tion, and Immunoblotting. Human HEK293T/clone 17
cells were cultured in Dulbecco’s modified Eagle’s medium
supplemented with 2 mM L-glutamine and 10% fetal bovine
serum at 37 °C under a humidified atmosphere containing 5%
CO,. One day after seeding 3 X 10° cells in 10 cm dishes, cells
were transfected with 6 pug of pWipl-Flag/pCMV-Neo-Bam
plasmid DNA mixtures and 12 yL of Turbofectin 8.0 (Origene)
following the manufacturer’s protocol. For WT and mutant
Wipl1 proteins, the ratios of Wipl-Flag expression plasmid to
parental plasmid were as follows: WT, 1:2; D192A, 1:2; D314A,
1:0.6; N318A, 1:0.2. Twenty hours after transfection, cells were
exposed to 10 Gy IR in a "*’Cs Shepherd Mark II irradiator.
After 90 min, the dishes were transferred to ice, and the cells
were rinsed with cold PBS, removed by scraping, and collected
by centrifugation with two additional rinses with cold PBS. Cell
pellets were stored at —80 °C. Whole cell lysates were prepared
by homogenizing the cell pellet in TNE buffer (10 mM Tris-
HCIl pH 7.8, 1 mM EDTA, 150 mM NaCl, 1% NP-40, S0 mM
NaF) supplemented with protease (Roche) and phosphatase
(Sigma) inhibitor cocktails, followed by centrifugation to
remove cellular debris. The total protein concentration was
determined by the bicinchoninic acid method (Pierce) using
BSA as a standard. Protein samples (40 pg) were separated on
Nu-PAGE gels (Invitrogen) and transferred onto polyvinyli-
dene difluoride membranes (Millipore). The primary antibod-
ies used were anti-f actin (Sigma), anti-yH2AX (05-636,
Millipore), and anti-Wipl (custom monoclonal M3-311, BD
Biosciences). Protein bands were detected using horseradish
peroxidase-conjugated secondary antibodies and enhanced
chemiluminescence detection (Amersham).

Multiple Sequence Alignment and Positional Con-
servation. Protein sequences were aligned using MUSCLE.*’
The alignment of Wip1 and PP2Ca was reported previously.*®
Conservation of active site residues (R33, E37, D38, D60, G61,
H62, G145, D146, D239, G240, D243, D282) was assessed
from the residue frequency tables calculated from the 137
PP2C catalytic domain sequences used to define the Position
Specific Scoring Matrix for identification of the PP2Cc
conserved domain from protein sequences.”

Structural Comparison of PP2C Active Sites. Root
mean squared deviations (RSMD) were calculated by
comparing the a carbon of 11 active site residues of human
PP2Ca (PDB 1A6Q) (R33, D38, D60, G61, G14S, D146,
S147, D239, G240, D282, and N283) to the corresponding
atoms in 31 structures. The phosphatase structures with one or
two metal ions in the active site (1 or 2 M) comprise Homo
sapiens PPM1B (2P8E-A,B), H. sapiens PPM1K (4DAl), Bos
taurus Pdplc (3N3C), Rattus norvegicus Pdpl (2PNQ-A,B)
Arabidopsis thaliana Abil (3NMN-B,D), A. thaliana Habl
(3RTO0-A, 3RTO-B, 3ZVU-B, 4DS8-B), Mycobacterium smegma-
tis Mspp (2V06), Mycobacterium tuberculosis PstP (2CM1),
Streptococcus agalactiae SaSTP 2PK0-A,B), and Thermosynecho-
coccus elongates Tppha-D119A (2Y09). The phosphatase
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structures with three metal ions in the active site comprise A.
thaliana Abi2 (3UJK, 3NMV-B, 3UJL-B) A. thaliana Habl
(3QN1-B), M. smegmatis Mspp (2JFR, 2JES), M. tuberculosis
PstP (1TXO-A,B), S. agalactiae SaSTP (2PKO0-C)D), T.
elongates Tppha (2J82). For comparison, RMSDs were also
calculated for active site residues of the Rsbu (phosphatase)
domain of the M. tuberculosis regulatory protein Rv1364c
(3KE6-A,B) and the human protein TAB1 (2POM).
Significance testing was performed using the two-tailed
Student’s t test with unequal variance.

B RESULTS

PP2Ca and Wip1 Require Supplemental Mg?* for
Phosphatase Activity toward Phosphopeptide Sub-
strates. PP2Ca and Wipl are classified as Mg*'- or Mn*'-
dependent, phosphoserine or phosphothreonine protein
phosphatases. To characterize our preparations of the two
enzymes, we determined the substrate- and divalent metal ion-
concentration dependence of phosphatase activity. Both
proteins were highly active toward the singly phosphorylated
p38a (175—185)(180pT) peptide substrate in the presence of
Mg** ions, minimally active in the presence of Mn®" ions, and
inactive in the presence of Ca** ions or Zn* ions (Figure 1A),
in agreement with previous observations.'>** The specificity of
the metal ion required to support catalytic activity is affected by
the nature of the substrate; both PP2Ca and Wipl
dephosphorylated the chemical substrate pNPP in the presence
of Mn?" ions, exhibited minimal activity in the presence of Mg>*
ions, and were inhibited by Ca** or Zn*" ions (data not shown
and refs 10 and 40). For the singly phosphorylated p38a
peptide, both enzymes followed typical saturation kinetics with
respect to the substrate and metal ion concentrations (Figure
1B,C). In the presence of 30 mM MgCl, the K, values for
PP2Ca and Wipl were 53 and 83 uM, respectively, and the
respective k., values were 4.2 and 2.63 s~', resulting in a
turnover number approximately 2-fold greater for PP2Ca than
for Wipl. In the presence of 100 uM phosphopeptide, the
apparent Michaelis constant, K., for Mg**-dependent
activation of catalytic activity was 1.8 mM for PP2Ca and 14
mM for Wipl, similar to values reported previously.'®*
Interestingly, K .. for Wipl was about 8-fold higher than for
PP2Ca, indicating substantially weaker binding of magnesium
ions. Although the requirement for millimolar concentrations of
Mg* or Mn*" for in vitro catalytic activity is a defining
characteristic of the PP2C phosphatases, its molecular basis, at
least for eukaryotic PP2C phosphatases, has not been
previously delineated.

Millimolar-Affinity Binding of Magnesium lons to
PP2Ca Can Be Detected by lIsothermal Titration
Calorimetry. To investigate whether millimolar-affinity bind-
ing of Mg** to PP2Ca could be detected directly, we used ITC
to measure the heat released or absorbed upon binding. We
studied the tight binding and weak binding of Mg** to PP2Ca
in separate experiments, using different protein and Mg>* ion
concentrations for the two affinity ranges. For these experi-
ments, preparations of His tag-free PP2Ca were dialyzed
extensively against Chelex resin-treated buffers to remove
bound metal ions. As shown in Figure 2A, the titration of
PP2Ca with low molar ratios of MgCl, was exothermic,
exhibited relatively modest injection heats, and saturated
quickly. For these high-affinity sites, the integrated heats of
injection could not be fit to a single-site binding model,
consistent with the binding of two metal ions. Although the
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Figure 1. Substrate- and metal ion dependence of steady state
phosphatase activity of human PP2Ca and Wipl. Activity assays were
performed at 30 °C and contained 15 ng of purified PP2Ca or 60 ng
of purified ProS2-Wip1(1—420). The initial rates were fitted to the
Michaelis—Menten equation. Each point represents the average of at
least three independent measurements. (A) Metal ion dependence of
phosphatase activity. The activity was measured with 100 uM
p38a(175—185)(180pT) peptide in the presence of 30 mM of the
indicated chloride salts. (B) Phosphopeptide concentration depend-
ence of phosphatase activity. The activity was measured with 0—400
uM p38a(175—185)(180pT) peptide in the presence of 30 mM
MgCl,. (C) MgCl, concentration dependence of phosphatase activity.
The activity was measured with 0.3—30 mM MgCl, in the presence of
100 uM p38a(175—185)(180pT) peptide.

data could be fit by a two-site model (Figure 2A, lower panel
and Table 1), the association constants and enthalpies were not
tightly constrained by the data and should be regarded as
approximate values. The fitting of complex binding models to
ITC data may require performing titrations over an extended
range of concentrations of proteins and ligands in order to
constrain the values of the fitting parameters.*' For the present
purpose, however, these experiments indicate that two Mg**
ions bind to PP2Ca with relatively high (10° to 10° M™") but
unequal affinities, similar to the characterization of the binding
of the two Mn*" ions to PP2Ca based on electron density in
the crystal>' The binding stoichiometries of the two tight-
binding sites were highly constrained by the data and are
associated with relative uncertainties of less than 20%.
Interestingly, the binding stoichiometry of the tighter of the
two high-affinity sites (1,) was approximately 0.4, suggesting
that some magnesium remained bound to the apo-PP2Ca even
after extensive dialysis against Chelex resin-treated buffers,
whereas the fractional occupancy of the weaker of the two high-
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Figure 2. Isothermal titration calorimetry analysis of high- and low-affinity binding of MgCl, to PP2Ca. All titrations were performed at 25 °C.
Bound metals were removed from purified PP2Ca by extensive dialysis against Chelex resin-treated buffers in the presence of excess Chelex resin. In
each panel, the raw data are displayed in the upper figure, and the normalized, integrated injection heats are displayed in the lower panel. (A)
Analysis of high-affinity sites with the titration of 550 #M MgCl, into S0 uM PP2Ca. The fitted curve is based on the two-site model. (B) Analysis of
the low-affinity site with the titration of 30 mM MgCl, into 150 uM PP2Ca. The fitted curve is based on the one-site model.

Table 1. Thermodynamic Characterization of the Binding of Mg** to Human PP2Ca by Isothermal Titration Calorimetry”

type model n N,
high affinity” two sites 1 0.38 +
2 0.90 +

low affinity® one site 1 N=1,

0.03
0.16

fixed

K,/10° M! AH, /keal mol™ AS,/eu
59 +39 —1.56 + 0.15 25.7
0.35 + 0.24 —0.30 + 0.14 24.3
K,/10° M™!

0.84 + 0.03 3.36 + 0.06 24.6

“At 25 °C, in S0 mM HEPES (pH 7.5), 150 mM NaCl, 10% glycerol, 2 mM f-ME. Results given are the means + SEM of two experiments. Apo-
PP2Ca was prepared by dialysis against Chelex resin-treated buffers. bS50 uM PP2Ca titrated with S00 uM MgCl,. “0.15 mM PP2Ca + 0.3 mM

MgCl, titrated with 30 mM MgCl,.

affinity sites (n,) was close to 1. To further characterize the
apo-PP2Ca preparation, we used ICP-EOS to determine the
magnesium content. Analysis of an aliquot of 10 yM apo-
PP2Ca indicated a magnesium content of 136 ppb Mg,
corresponding to a molar ratio of magnesium to protein of 0.56.
Taken together, these results suggest that of the two high-
affinity metal binding sites, the higher-affinity site was
approximately 60% occupied by Mg** ions prior to the ITC
titration. During the ITC titration, both sites became fully
occupied, with binding to the higher-affinity site exhibiting a
larger negative enthalpy change and binding to the second site
exhibiting a smaller negative enthalpy change.

To detect the millimolar-affinity binding of Mg** ions to
PP2Ca by ITC, we saturated the two high-affinity sites of apo-
PP2Ca by adding 2 equiv of MgCl, and performed titrations
with higher concentrations of both protein and ligand. The
thermogram resulting from titration of PP2Ca-2(Mg*") with 30
mM MgCl, is shown in the upper panel of Figure 2B. The
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process was endothermic and required a large excess of ligand
to saturate binding. The integrated heats of injection were well-
described by a single-site binding model (Figure 2B, lower
panel and Table 1). In contrast to the binding of magnesium
ions to the two higher-affinity sites, the binding of the third
Mg*" ion to PP2Ca is entropy-driven. The association constant
for the binding of a third metal ion to PP2Cg, in the absence of
substrate, is K, = 0.8 X 10> M~". Although the millimolar-
affinity binding of a divalent metal ion was anticipated based on
the metal ion concentration-dependence of phosphatase
activity, this result provides the first thermodynamic character-
ization of the binding of a metal ion to PP2Ca with millimolar
affinity.

Amino Acids That Coordinate the Third Metal lon in
Plant and Bacterial PP2C Phosphatases Are Conserved
in Human PP2Ca and Wip1. To further investigate the
binding of a third metal ion to human PP2Ca, we performed a
multiple sequence alignment of human PP2Ca with the six
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motif 1 motif 2 . motif 4
33 3738 60,61
PP2Cx 22 LRYGLSSMQGWRVEMEDAHTAVIGLP---SGLESWSFFAVYDGHA--GS [53] KHGADRSGSTAVGVLIS---P
Habl 188 PLWGTVSIQGNRSEMEDAFAVSPHFLKLP[18] TGHFFGVYDGHG--GH[70] AVASETVGSTAVVALVC---3
Abi2 111 PLYGVTSICGRRPEMEDSVSTIPRFLQVS[17]SAHFFGVYDGHG--GS [53] AHAPETVGSTSVVAVVE---P
SaSTP 2 EISLLTDIGQRRSNNQDFINQFENKAGV---—--- PLIILADGMG--GH[49] SDDYKGMGTTIEAVAIV---G
tPphA 2 DVAGLTDCGLIRKSNQDAFYIDEKH---—-—-———- QRFFIVADGMG--GH[50] NSARADMGTTAVVILLDEKGQ
MspP 6 SAATATDQGPVRENNQDACLAD-—--—————=———— GILYAVADGFGARGH[40]EPTVS--GTTLTAVAVFEP-G
PstpP 9 RYAARSDRGLVRANNEDSVYAG-—---———————— ARLLALADGMG--GH[47]EPDLEGMGTTLTAILFA---G
Wipl 7 LGVSVFSDQGGRKYM%?VTQIVVEP————[65]SVAFFAVC??HG——GR[54]TGLPSTSGTTASVVIIR———G
PO, M2 M2 M1/M2 M2
Flap Domain
motif 5 motif 5a motif 5b motif 6
146
PP2Ca 137 QHTYFINCGDSRGLLCRNRKVHFFTQDHKPSNPLEKERIQNAGGSVMI----QRV---NG----SLAVSRALGD
Habl 337 SHIVVSNCGDSRAVLFRGKEAMPLSVDHKPDREDEYARIENAGGKVIQWQ-GARV---FG----VLAMSRSIGD
Abi2 242 THIFVANCGDSRAVLCRGKTPLALSVDHKPDRDDEAARIEAAGGKVIRWN-GARV---FG----VLAMSRSIGD
SaSTP 109 DNIIFAHVGDSRIGIVRQGEYHLLTSDHSLVNELVKA------ GQLTEEE-AASH---PQ----KNIITQSIGQ
tPphA 110 DRAWCAHVGDSRIYRWRKDQLQQITSDHTWIAQAVQL--—-—-- GSLTIEQ-ARQH---PW----RHVLSQCLGR
MspP 102 GGPLVVNIGDSPLYRIRDGHMEQLTDDHSVAGELVR--—---- MGEITRHE-ARWH---PQ----RHLLTRALGI
PstP 109 NRLGLVHIGDSRGYLLRDGELTQITKDDTFVQTLVD-———-- EGRITPEE-AHSH---PQ----RSLIMRALTG
Wipl 183 MKMYVAHVG%?GVVLGIQ[13]EVTQDHTPELPKERERIEGLGGSVMNKSGVNRV[9]NG[12]FiAVARALGD
M3 M3 M3 M3
motif 7 motif 8 . motif 11
239 282
PP2Ca 200 FDYKCVHGKGPTEQLVSPEPEVHDIERSEEDDQFIILACDGIWDVMG [30] YKGSRDNMSVILICFPN
Habl 402 RYLK-----—----— PYVIPEPEVTFMPRSREDE-CLILASDGLWDVMN [47] QKGSKDNISIIVIDLKA
Abi2 308 RYLK-—-—-—-——-—---— PSVIPDPEVTSVRRVKEDD-CLILASDGLWDVMT [52] QKGSKDNISVVVVDLKG
SaSTP 169 ANPV-————————————— EPDLGVHLLEEGD--YLVVNSDGLTNMLS [26] HRGGLDNITVALVYVES
tPphA 170 EDLS---——————————- QIDIQPIDLEPGD--RLLLCSDGLTEELT [25] THGGRDNVTVVVISV-—
MspP 162 GPHI-————————————— GPDVFGIDCGPGD--RLLISSDGLFAAAD [25] DAGGSDNTTVVVIDLG—
PstpP 169 HEV-—————————————— EPTLTMREARAGD--RYLLCSDGLSDPVS [25] RGGGPDNVTVVVADLEH
Wipl 278 [39] RMLRADNTSAIVICISP

LWSYDFFSG---EFVVSPEPDTSVHTLDPOQKHKYIILGSDGLWNMIP
I =

A
M1/M3 M1

Figure 3. Multiple sequence alignment of human PP2Ca, Wipl, and several PP2C phosphatases displaying three active site metal ions. Alignment of
catalytic domain sequences of seven structurally characterized PP2C phosphatases was performed using the program MUSCLE.>” The Wipl
sequence was separately aligned.*® Key residues are indicated by PP2Ca residue numbers. Metal ion-coordinating residues are indicated in red. The
15 previously identified highly conserved residues* are indicated by yellow shading. The Flap domain is indicated. Portions of the sequences were
omitted for brevity. Mutated residues of PP2Ca and Wip1 discussed in this work are underlined and shown in bold.

structurally characterized plant and bacterial PP2C phospha-
tases that display a third Mg** or Mn?" ion in the active site
(Figure 3).>**>*731%° We annotated the alignment by
including designation of the motifs characteristic of the PP2C
superfamily* and metal-coordinating residues. We also aligned
the sequence of Wipl, for which no structural information is
available.*®** Following the metal ion numbering given
previously,”" we refer to the metal ion that is coordinated by
PP2Ca Asp60, Asp239, and Asp282 as M1, and the metal ion
that is coordinated by Asp38, Asp60, and Gly61 as M2. Note
that in some works, the numbering for these two metal ions is
reversed. Two of the residues that coordinate the third metal
ion, M3, are highly conserved, as previously noted.****!
Specifically, in the structures that display a third metal ion in
the active site, residues that align to PP2Ca Aspl46 (Wipl
Asp192) coordinate only M3, and residues that align to PP2Ca
Asp239 (Wipl Asp314) coordinate both M1 and M3. Bork and
co-workers identified 15 residues that were highly conserved in
the PP2C superfamily.* Twelve of the 15 highly conserved
residues are located in or adjacent to the active site. Six of the
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highly conserved residues coordinate a metal ion, including the
M3-coordinating dipeptide GlyAsp (PP2Car 145—146). Of the
1S highly conserved residues, only the PP2Ca Asp243 position
exhibits high variability among the eight proteins. The
equivalent residue in Wipl is Asn318.

In addition to the highly conserved coordination of M3 by
residues aligning to PP2Ca Aspl46 and Asp239, some
structures feature additional coordination of M3, but the
residues involved are highly variable. For the bacterial
phosphatases, residues aligning to M. tuberculosis PstP Ser160,
which is located in the Flap domain, interact with M3, but this
interaction is not supported by all structures of a given enzyme.
One structure of the A. thaliana phosphatase, Habl, also
suggests coordination of the third metal ion by a Flap domain
residue, but the location differs from that in the bacterial
phosphatases. Furthermore, in several structures, residues
aligning to PP2Ca Asp243 are positioned near the third
metal ion and may interact through outer-sphere binding or
may affect the binding of the third metal ion through indirect
mechanisms.

dx.doi.org/10.1021/bi4005649 | Biochemistry 2013, 52, 5830—5843
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We next examined conservation of the three-dimensional
structure of the PP2C active site, including the third-metal
coordinating residue Asp146. We compared the positions of the
Ca carbons in the active site of the PP2Ca crystal structure to
the positions of the corresponding Ca carbons in 11 structures
that display three metals in the active site and in 17 structures
that display one or two metals in the active site to determine
the RMSD for the active site residues. As shown in Supporting
Information Figure S1, the active sites of all 28 structures are
very similar to the PP2Ca active site. The average RMSD for
active sites with one or two metal ions (0.30 A) does not differ
significantly from the average RMSD for active sites with three
metal ions (0.28 A) (p = 0.35). We also calculated RMSDs
comparing the active site of PP2Ca to three PP2C-like
structures. Although the human TABI1 protein possesses a
PP2C-like fold, it does not exhibit phosphatase activity.*> The
RsbU domain of the M. tuberculosis rv1364c protein is classified
as a SpolIE-like phosphatase, which are distantly related to the
PP2C phosphatases.** The average RMSD for the PP2C-like
active sites (0.53 A) differs significantly from the average
RMSD for either PP2C class (p < 0.005 for each comparison).

Mutation of Putative Third Metal lon-Coordinating
Amino Acids Reduces or Abolishes Millimolar-Affinity
Binding of Mg?** to PP2Ca. The multiple sequence
alignment (Figure 3) suggested that Aspl46 and Asp239 of
PP2Ca are likely to coordinate the third metal ion and that
Asp243 may directly or indirectly affect the binding of M3. To
test these candidates, we separately mutated to alanine the
residues D146, D239, and D243 of PP2Ca and characterized
the low-affinity binding of Mg** to the purified proteins using
ITC. For these experiments, His tag-free WT and mutant
proteins were purified as before, except that bound metal ions
were removed by extensive dialysis against buffer containing
EDTA, followed by several changes of buffer without EDTA.
Low-affinity ITC experiments were executed as described
above, except that the addition of 2 equiv of MgCl, to the
apoprotein before the start of the ITC experiment was omitted.
As a consequence, the first injection produced a large negative
injection heat, which resulted from exothermic binding to the
high-affinity sites, whereas subsequent injections, which
produced positive heats, titrated the low-affinity site (Supple-
mentary Figure S2, Supporting Information). Disregarding the
first injection, the integrated injection heats for the titration of
WT, DI146A, and D243A PP2Ca proteins with high
concentrations of MgCl, were well described by a single-site
model with affinities on the order of 10° M™' and positive
enthalpies of binding (Table 2). The D146A and D243A
mutations each reduced the magnesium binding affinity by
about 60%, supporting involvement of each residue in binding a
metal ion with millimolar affinity. The finding that PP2Ca
D146A still bound a metal ion to the low-aflinity site, albeit
with reduced affinity, was surprising. Structural studies of active
site mutants of the cyanobacterium phosphatase tPphA
revealed only two metal ions in the active sites of the D119A
(corresponding to human PP2Ca D146) and DI193A
(corresponding to PP2Ca D239) mutants, whereas wildtype
tPphA exhibited three metal ions.”® For PP2Ca D239A protein,
the integrated heats of the first two injections were negative,
and the remainder were not distinguishable from background,
suggesting that this mutation abolished the binding of Mg** to
the low-affinity site and reduced binding to high-affinity site(s),
in agreement with the expectation that PP2Ca Asp239
coordinates both M1 and M3.
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Table 2. Thermodynamic Characterization of Low-Affinity
Binding of Mg?* to WT and Mutant Human PP2Ca by
Isothermal Titration Calorimetry”

protein K,/10 M™'  AH/kcal mol™"  AS/eu  method(s)®
WT 1.85 + 0.36 2.69 + 0.46 24 +3 EDTA
D146A 0.62 + 0.20 127 + 0.15 17 £ 0.2 EDTA
D239A n.d. n.d. EDTA
D243A 0.63 + 0.11 2.24 + 0.37 20 + 24 EDTA
WT 1.39 £ 0.13 343 £ 0.27 259 £ 1 dialysis
D146A 0.60 + 0.05 3.50 £ 0.37 2453 dialysis
D146A/D243A  nd. n.d. dialysis

“At 25 °C, in S0 mM HEPES (pH 7.5), 150 mM NaCl, 10% glycerol,
2 mM S-ME. Results given are the means + SEM of two or three
experiments. n.d, not detected. “In the EDTA method, protein was
prepared by dialysis against buffer containing EDTA, then dialyzed
extensively against buffer without EDTA or MgCl,. In the Dialysis
method, purified protein supplemented with MgCl, was dialyzed
extensively against buffer without MgCl,.

The finding that mutation to alanine of either Aspl46 or
Asp243 weakened, but did not abolish, Mg>* binding to the
low-affinity site suggested that the ion may reside in either of
two subsites. This notion was supported by variation in the
position of the third metal ion among PP2C phosphatase
crystal structures.>’ To test this hypothesis, we prepared the
PP2Ca D146A/D243A double mutant and characterized the
binding of Mg*" to the low-affinity site by ITC. For this set of
experiments, solutions of WT, D146A, and D146A/D243A
proteins were supplemented with excess MgCl, and then
dialyzed extensively against buffer containing no MgCl,.
Representative thermograms are shown in Figure 4 (top
panel). Disregarding the first injection, the integrated injection
heats for the WT and D146A PP2Ca proteins were positive
and were well described by a single-site model with aflinities on
the order of 10> M™! with the WT protein exhibiting
approximately 2-fold tighter binding, similar to the previous
experiments. Titration of the double mutant produced only
background values of the integrated heats of injection after the
first two injections (Figure 4, lower panel and Table 2),
demonstrating that the double mutation completely abrogated
the millimolar-affinity metal binding. For the WT protein, the
integrated heat of the first injection was only slightly higher
than that of the second injection, suggesting that occupancy of
the two tight-binding sites by Mg>" was only slightly reduced by
dialysis against buffer without MgCl,. For the D146A protein,
the integrated heat of the first injection was small and negative,
suggesting that mutation of Asp146 led to reduced occupancy
of the high-affinity sites by Mg** during dialysis, thus producing
a net negative heat for the first injection. For the double
mutant, the integrated heat of the first injection was large and
negative, suggesting a greater reduction in the occupancy of the
high-affinity sites during dialysis. In summary, the ITC
experiments characterize the millimolar-affinity binding of
Mg** to PP2Ca as an entropy-driven process that requires
Asp239 and that may involve either Asp146 or Asp243.

Substrate- and Metal lon-Concentration Dependence
of WT and Mutant PP2Ca Catalytic Activities. To further
characterize the role of the third metal ion in catalysis, we
measured the steady-state phosphatase activity of the His tag-
free WT and active site mutant PP2Ca proteins using both
pNPP and the phosphopeptide as substrates. The phosphopep-
tide concentration-dependence and MgCl,-concentration de-
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Figure 4. Isothermal titration calorimetry analysis of low-affinity
binding of MgCl, to WT, DI146A, and D146A/D243A PP2Ca
proteins. Titrations were performed at 25 °C with 30 mM MgCl,
titrated into 125—150 uM purified protein solution prepared by
extensive dialysis against divalent ion-free buffer. Results shown are
representative of two replicates. Upper panel: raw thermograms. The
trace for PP2Ca is aligned to the axes; traces for the mutant proteins
were shifted vertically for clarity. Lower panel: normalized, integrated
injection heats, and the best-fit curve based on a one site binding
model. The integrated heat of the first injection, which may be
influenced by binding of Mg?* ions to the high affinity sites, was not
included in the fitting.

pendence of the initial rates were determined as described
above and are summarized in Table 3. In addition, phosphatase
activity toward the small molecule substrate pNPP was
measured in the presence of various concentrations of MnCl,
and was analyzed similarly (Table 3). In agreement with
previous observations, WT PP2Ca exhibited robust phospha-
tase activity toward the phosphopeptide substrate in the
presence of Mg*" and a 75-fold smaller value of the apparent
second-order rate constant (k./K,) toward pNPP in the
presence of Mn*". The values of K., for the two ions are
similar. The D146A, D239A, and D146A/D243A mutants did
not exhibit measurable phosphatase activity toward either
substrate under any condition tested. The lack of catalytic
activity of D239A was expected because Asp239 is thought to
coordinate both M1 and M2. In earlier work, the D239A and
D239N mutants were separately reported to be inactive toward

phosphoprotein and pNPP substrates, respectively.'"* The
lack of activity in PP2Ca D146A identifies Asp146 as essential
for catalysis, in agreement with previously reported results.®
The lack of catalytic activity in the D146A/D243A mutant
follows directly. Compared with the WT enzyme, the activity of
D243A toward either substrate was reduced. For both
substrates, the presence of high concentrations of metal ions
resulted in K, and k., values similar to those of the WT
enzyme, but the increased values of K. of the D243A mutant
indicate that substitution of alanine for aspartic acid at position
243 weakened the binding of both Mg*" and Mn*". These
results are in accord with the reduced binding affinity of the
D243A mutant protein for Mg®* in the absence of substrate, as
determined by ITC (Table 2). Interestingly, the value of the
apparent second-order rate constant, k./K, for D243A was
40% that of the WT enzyme for the phosphopeptide substrate
in the presence of Mg’*, whereas the value of k./K,, for
D243A was 76% that of the WT enzyme for activity toward
pNPP in the presence of Mn**. The differential effect of this
mutation on activity toward the two substrates suggests that
Asp243 may have greater importance in the activity toward
phosphopeptide substrates.

Residues in the Flap Domain of PP2Cax Are Important
for Substrate Recognition. Although structural character-
ization of several PP2C phosphatases have suggested that
residues in the Flap domain may provide additional
coordination of the third metal ion,***>**73! the sequences
and structures of the Flap domains exhibit considerable
variability among bacterial, plant, and human PP2C phospha-
tases. To further investigate possible roles of the Flap structure
in metal binding and catalysis, we generated six mutant proteins
with alterations in the Flap region. We tested Arg186 of PP2Ca
because our previous work had implicated the corresponding
residue of Wipl, Arg243, to be important for substrate
recognition.®® PP2Ca Asn188 and Ser190 were tested as
residues that potentially provide additional coordination to the
third metal ion. His164 and Argl9S are located in the hinge
regions on either side of the Flap domain.*"** With the
phosphopeptide substrate, we observed that the R186A mutant
exhibited no activity and the N188A mutant exhibited very low
activity, as compared with WT PP2Ca (Table 4). However,
both R186A and N188A exhibited substantial activity toward
pNPP as a substrate and exhibited a similar Mn**-dependence
of catalytic activity as the WT enzyme (Table 4). These results
suggest that both Argl86 and Asnl88 are important for
phosphopeptide substrate recognition by PP2Ca rather than
metal binding. The kinetic parameters of S190A and S190T for
both substrates were almost the same as those of WT PP2Ca.
Interestingly, Ser190 of PP2Ca aligns near Ser160 of the M.

Table 3. Kinetic Parameters of WT and Active Site Mutant PP2Ca Proteins®

peptide” pNPP¢
protein K, uM Koy s Koty mM K, mM Koy s Koty mM
WT 27 + 4 63 +02 19 + 0.3 0.74 £ 0.1 2.3 + 0.07 33+0S5
DI146A n.d. n.d. n.d. n.d. n.d. n.d.
D239A n.d. n.d. n.d. n.d. n.d. n.d.
D243A S3+9 5.1 +03 47 £ 13 13 +£0.1 3.0+0.1 9.5+ 1.7
D146A/D243A n.d. n.d. n.d. n.d. n.d. n.d.

“Experiments were performed with His tag-free proteins in SO mM Tris-HCl (pH 7.5), 40 mM NaCl, 0.02% f-ME, and 0.1 mM EGTA at 30 °C.
bWith 30 mM MgCl, and 0—400 #M p38a(175—185)(180pT) peptide or 100 uM peptide and 0—30 mM MgCl,; n.d,, not detected. “With 10 mM
MnCl, and 0—5 mM pNPP or 5 mM pNPP and 0—30 mM MnCl,; n.d,, not detected.
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Table 4. Kinetic Parameters of WT and Flap Domain Mutant PP2Ca Proteins®

peptide? pNPP¢
protein Koy uM ke 7" Kipery mM K, mM ke s Ky mM
WT 49 +£9 4.6 + 03 1.7 £ 03 0.5 £ 0.1 0.68 + 0.03 1.7 £ 03
H164A 144 + 40 32+ 04 46 + 1.5 0.98 £ 0.18 1.3+ 01 32+ 06
RI186A n.d. n.d. n.d. 11 +02 2.7 +02 2.0 + 04
NI188A n.d. nd. n.d. 0.7 £ 0.1 14+ 0.1 1.8 £ 03
S190A 49 +9 43 £ 03 19 £ 03 0.55 £ 0.2 0.65 + 0.07 33 £ 04
S190T 46 + 7 S1+03 23+03 0.29 + 0.05 0.44 + 0.02 39 £08
RI9SA n.d. n.d. n.d. 0.86 + 0.2 0.16 + 0.01 23 £05

“Experiments were performed with His-tagged proteins in S0 mM Tris-HCl (pH 7.5), 0.02% $-ME, and 0.1 mM EGTA at 30 °C. bWith 30 mM
MgCl, and 0—400 uM p38a(175—185)(180pT) peptide or 100 uM peptide and 0—30 mM MgCl,; n.d., not detected. “With 10 mM MnCl, and 0—

S mM pNPP or S mM pNPP and 0—30 mM MnCl,; n.d,, not detected.

tuberculosis phosphatase PstP. Although the crystal structure of
PstP indicated coordination of M3 by Serl60, the kinetic
constants of the PstP S160A mutant enzyme were similar to
WT PstP.** The PP2Ca hinge-region mutant, R195A, exhibited
no activity toward the peptide substrate and reduced activity
toward the small molecule pNPP (Table 4). Consistent with
these findings, a catalytically active splice variant of PP2Cq, but
not the R195A mutant of the splice variant, inhibited activation
of p38 MAPK in cells,” suggesting that Arg195 is important for
PP2Ca activity toward physiological substrates. For the
phosphopeptide substrate, the second hinge-region mutant,
H164A, exhibited both reduced activity and reduced metal
affinity, with K, and K ., values each almost three times
higher than for the WT enzyme; however, the catalytic activity
toward pNPP was unaffected (Table 4). Overall, these results
indicate that both hinge region residues affected the catalytic
activity of PP2Ca. These results suggest that for PP2Ca, the
Flap domain is primarily involved in substrate recognition, but
also plays an indirect, substrate-dependent role in metal
binding.

The Identity of the lon Bound to the Low-Affinity Site
Affects Catalytic Activity. The above results suggest that
several residues in the Flap domain are important for activity
toward phosphopeptides in the presence of Mg*" but are not
important for activity toward pNPP in the presence of Mn?*. As
shown above (Figure 1), the activity of PP2Ca toward
phosphopeptide substrates is much higher in the presence of
Mg** than in the presence of Mn*". To test whether the
identities of the metal ions occupying the high-affinity sites or
the low-affinity site determined the catalytic activity, we
investigated the metal ion concentration-dependence of activity
toward the phosphopeptide substrate in the presence of MgCl,,
MnCl,, or mixtures of the two salts (Table S). In the presence
of MgCl, alone, K was 1.7 mM and the k., was 4.6 s™".

Table 5. Metal Ion Type- and Concentration-Dependence of
PP2Ca Phosphatase Activity”

metal ion(s) Koty MM ke s
MgCL” 17 £ 03 4.6 + 03
MgCl, plus 0.1 mM MnCl, 13 + 42 3.6+ 05
MnCl, 14 + 05 0.16 + 0.01

MnCl, plus 0.1 mM MgCl, 13 + 0.5 0.13 + 0.01

“Experiments were performed with His-tagged PP2Ca in 50 mM Tris-
HCI (pH 7.5), 0.02% 8-ME, and 0.1 mM EGTA, 40 mM NaCl, 100
uM p38a (175—185)(180pT) peptide and 0 to 30 mM of the
indicated salt, with or without 0.1 mM of the alternative salt, at 30 °C.

bResults from Table 4.

Under these conditions, both the high-affinity sites and the low-
affinity site were occupied by Mg**. Addition of 0.1 mM MnCl,
increased the apparent K., by a factor of 8, but had little
effect on k.. Under these conditions, due to their higher
affinity for Mn?*,*® the high-affinity sites were occupied by
Mn?" ions and the low-affinity site bound Mg**. Thus, the
presence of the Mg”" ion in the low-affinity site correlated with
high catalytic activity toward the phosphopeptide substrate. On
the other hand, in the presence of MnCl, alone, the value of
K eta Was similar to the value obtained with MgCl, alone, but
the value of k., was reduced by a factor of 30. Under these
conditions, both the high-affinity sites and the low-affinity site
were occupied by Mn?*. The presence of the Mn?* ion in the
low-affinity site correlated with low catalytic activity toward the
phosphopeptide substrate. The results of varying the
concentration of MnCl, in the presence of 0.1 mM MgCl,
did not differ from those with MnCl,, a result consistent with
the much higher affinity of Mn>" than Mg>" for the tight sites.
The Apparent Metal Affinity of PP2Ca Is Reduced at
Low pH. In the reported crystal structure of PP2Ca, only two
bound metal ions were observed.”' It has been suggested that
the acidic pH of the crystallization conditions may have
reduced the affinity for binding the third metal ion.”**”*' To
evaluate the effect of pH on metal binding to PP2Ca, we
determined the metal ion-concentration dependence of
catalytic activity toward a phosphopeptide substrate at three
different pH values (Figure S). The results show increased
catalytic activity with increasing pH over this range, in
agreement with earlier results characterizing the pH—degend—
ence of activity toward pNPP in the presence of Mn?*.** The
log of the catalytic constant, k., increased linearly with
increasing pH with a slope of 0.68 (Figure SB, left axis), in
agreement with the suggestion from a different analysis that an
ionizable group with a neutral pK, must be unprotonated for
catalysis.”* Similarly, the log of the inverse of K, increased
linearly with increasing pH with a slope of 0.54 (Figure SB,
right axis), suggesting that a net release of half of a proton
accompanies metal ion binding. These results suggest that the
binding of a catalytically necessary metal ion, with approx-
imately millimolar affinity, contributes substantially to the
observed pH-dependence of PP2Ca catalytic activity.
Mutation of Putative Third Metal lon-Coordinating
Residues of Wip1 Reduces or Abrogates Catalytic
Activity in Vitro and in Vivo. As shown above (Figure 3),
the residues that have been shown to directly or indirectly
coordinate a third active site metal ion in structurally
characterized PP2C phosphatases are conserved in PP2Ca
and Wipl. To examine the importance of the third metal for
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Figure 5. (A) pH dependence of Mg**-dependent activation of
PP2Ca phosphatase activity. The initial rate of phosphatase activity
was measured with 0.3—30 mM MgCl, in the presence of 100 yuM
p38a(175—185)(180pT) peptide at 30 °C at the indicated pH values.
(B) pH dependence of the catalytic constant, k., (left axis), and the
apparent metal affinity, K. (right axis).

the phosphatase activity of Wip1, we generated alanine mutants
of the corresponding metal-coordinating residues and measured
the metal ion-concentration dependence of the catalytic activity
using the phosphopeptide substrate. As Asp314 of Wipl,
corresponding to Asp239 of PP2Ca, has similarly been
reported to be catalytically inactive,” we did not further
characterize its phosphatase activity in vitro. Similar to the
D146A mutant of PP2Ca, the D192A mutant was completely
inactive (Figure 6A), suggesting an essential role of Wipl
Asp192 in catalysis. The apparent metal affinity of Wipl N318A
(19 mM) was only 30% weaker than that of WT Wipl (14
mM), in contrast to the 3-fold reduction in the apparent metal
affinity of the corresponding PP2Ca D243A mutant compared
with WT PP2Ca. Interestingly, however, the apparent k., of
Wipl N318A (0.84 s™') was approximately 3-fold lower than
that of WT Wipl (2.23 s7'), whereas the apparent k., of
PP2Ca D243A was almost the same as that of WT PP2Ca.
Thus, both Wipl N318A and PP2Ca D243A exhibit
substantially reduced phosphatase activity.

To investigate whether mutation of these residues affected
phosphatase activity in mammalian cells, we overexpressed WT
or mutant Wipl proteins in HEK293T cells and determined the
level of phosphorylation of H2AX following exposure to IR
(Figure 6B). The formation of yH2AX by phosphorylation of
Ser139 of the histone H2 variant H2AX is important in damage
response si§naling and for the assembly of DNA repair
complexes.'”*” yH2AX has been identified as a target of
Wipl phosphatase activity.'*™'® As shown in Figure 6B,
overexpression of WT Wipl-Flag in HEK 293T cells, when
examined 90 min after exposure to IR, resulted in a dramatically
reduced level of yH2AX, compared with cells transiently
transfected with the parental vector, in agreement with previous
results.'*!'° Interestingly, in cells overexpressing either Wipl
D192A-Flag or Wip1-D314A-Flag, despite a higher level of the
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Figure 6. Mutation of putative third metal coordinating residues
reduces or abolishes Wipl phosphatase activity in vitro and in vivo.
(A) MgCl,-concentration dependence of the in vitro phosphatase
activity of wildtype and mutant Wipl. Phosphatase activity was
measured at 30 °C using 100 4M p38a(175—185)(180pT) peptide in
the presence of 0.3—40 mM MgCl,. Each point represents the average
of at least three independent measurements. (B) yH2AX level
following exposure to IR reports phosphatase activity of WT or
mutant Wipl in vivo. To adjust the level of WT or Wipl mutant
proteins, HEK 293T cells were transfected with a constant total
amount of DNA consisting of Wipl-Flag expression vector:parental
vector in the following ratios: WT, 1:2; D192A, 1:2; D314A, 1:0.6;
N318A, 1:0.2. Transfected cells were exposed to 10 Gy IR and were
collected 90 min later. Isolated proteins were analyzed by Western
blotting using antibodies specific for Wipl and H2AX phosphorylated
on Ser139 (yH2AX). f-Actin served as a loading control.

mutant protein compared with WT protein, the yH2AX level
was similar to that detected in cells transfected with the
parental vector, suggesting minimal phosphatase activity.
Furthermore, overexpression of Wip1-N318A-Flag resulted in
a level of yH2AX similar to that in cells transfected with WT
Wipl-Flag, despite a much higher level of Wip1-N318A-Flag
protein compared with WT Wipl- Flag protein. This result
suggests that the phosphatase activity of the Wipl-N318A
protein is markedly reduced compared to that of the WT
protein. Thus, the in vitro and in vivo phosphatase activities of
the mutant Wipl proteins conform to the same pattern.
Phosphatase activity is abolished by the mutation to alanine of
either Asp192, which is expected to coordinate M3, or Asp314,
which is expected to coordinate M1 and M3. Mutation to
alanine of the peripheral residue Asn318 resulted in reduced
activity in both in vitro and in vivo assays.

Third Metal lon-Coordinating Residues Are Con-
served in Most PP2C Phosphatases. As mentioned above,
the putative M3-coordinating amino acid Asp146 of PP2Ca is
one of the 15 highly conserved residues identified by Bork et al.
(see Figures 3 and 4). As a further comparison, we performed a
multiple sequence alignment of the catalytic domains of 18
human PP2C domain-containing proteins and examined the
conservation of active site residues (Supporting Information,
Figure S3). In the alignment, integrin-linked kinase-associated
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serine/threonine phosphatase (ILKAP) and the 12 PPMI
proteins cluster together and exhibit high conservation of the
active site residues, including the conservation of the aspartic
acid residue aligning to PP2Ca Asp146. Pyruvate dehyrogenase
phosphatase 1 (PDP1) and PDP2 differ from the PPM1
proteins in motif 1 (PP2Ca D38) and motif 11 (PP2Ca D282)
but remain highly similar in motif 2 (PP2Ca D60), motif S
(PP2Ca D146), and motif 8 (PP2Ca D239). PH domain and
leucine-rich repeat protein phosphatase 1 (PHLPP1) and
PHLPP2, which share sequence homology with both the
leucine-rich repeat and PP2C portions of yeast adenylate
cyclases, specifically dephosphorylate hydrophobic-motif phos-
phoserines that regulate the activity of specific kinases.***” For
PHLPP1 and PHLPP2, the residues that align to PP2Ca
Aspl46 are lysine and threonine, respectively. The human
TAB1 protein has a fold that closely resembles the PP2C fold
but binds only one metal ion and does not exhibit phosphatase
activity.* In summary, the 12 PPM1 phosphatases as well as
ILKAP, PDP1, and PDP2, all retain aspartic acid as the residue
aligning to PP2Ca Asp146.

The PP2C active site is highly conserved and is usually
identified as residues aligning to the eight PP2Ca residues: aa
33, 37—-38, 60—62, 239, and 282, corresponding to the residues
that coordinate the phosphate, coordinate the two metal ions,
or serve as a proton donor.”' We examined the conservation of
these eight residues, along with the putative M3-binding residue
Aspl46, its neighboring residues Gly14S and Ser147, as well as
Gly240, Asp243, and Asn283, among a set of PP2C catalytic
domain sequences. As shown in Supporting Information, Figure
S4, the putative M3-coordinating residues (aa 146, 239) are as
highly conserved as the M1-coordinating residues (aa 60, 239,
282) and the M2-coordinating residues (aa 38, 60, 61).

B DISCUSSION

From the PP2Ca crystal structure and analysis of reaction
kinetics, it was previously thought that only two metals were
bound in the active center of human PP2Ca.*' The proposed
catalytic mechanism in human PP2Ca was an SN2 reaction
controlled by the two metal ions and coordinated water
molecules.”** Still, the two Mn>* ions visualized in the crystal
structure were bound with at least micromolar affinities and
thus did not explain the millimolar concentrations of Mn** or
Mg** required for in vitro phosphatase activity. Recently, crystal
structures of several bacterial and plant PP2C phosphatases
have shown the presence of three metal ions in the active
site.2¥2528731 1n the cyanobacterium phosphatase tPphA,
mutation to alanine of Asp119, which corresponds to PP2Ca
Asp146, resulted in loss of catalytic activity.”® The high degree
of conservation of the third metal ion-coordinating residues
implied that human PP2C phosphatases may also bind a third
metal ion.***>*® In this study, we have demonstrated that at
least three metal ions are bound by PP2Ca, with the third ion
having an affinity in the millimolar range. This weak binding
was reduced by mutation to alanine of Asp146 or Asp243 and
was abolished by mutation to alanine of Asp239 or the
combination of Asp146 and Asp243. In addition, our findings
suggest that the binding of the third metal ion is necessary for
PP2Ca catalytic activity, as both the D146A and D239A
mutants were catalytically inactive, and the D243A mutant
showed reduced activity. On the basis of these results, we
propose the presence of a catalytically required, third metal ion-
binding site in PP2Ca that is composed of at least Asp146 and
Asp239 and is affected by the presence of Asp243. Moreover,
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mutation of the corresponding residues in Wipl similarly
affected phosphatase activity both in vitro and in human cells,
suggesting that Wipl catalytic activity similarly requires the
binding of a third metal ion. Interestingly, mutation to alanine
of Asp243 of PP2Ca reduced the apparent magnesium ion
affinity by a factor of 3 without affecting k., whereas mutation
to alanine of Asn318 of Wipl reduced both k. and the
apparent affinity of magnesium ion binding.

Extensive kinetic analysis of PP2Ca demonstrated that
enzymatic catalysis proceeds via an ordered sequential
mechanism in which the metal ion binds to the enzyme before
binding of the substrate (pNPP) and is released after the
release of the products.”> This mechanism suggests that the
binding of a catalytically significant metal ion may increase the
affinity of the substrate for the enzyme, an anticipated role of
Mg?* ions in metallohydrolase catalytic activity.”® An additional
possibility, more specifically for phosphopeptide substrates, is
that the substrate itself may bind metal ions.>!

Several mammalian PP2C phosphatases, including PP2Ca,
Wipl, and PPMIH, exhibit metal-dependent substrate
preferences, in that the enzymes exhibit more stringent
specificity toward phosphoprotein or selected phosphopeptide
substrates in the presence of Mg®" and exhibit reduced
specificity, including activity toward pNPP, in the presence of
Mn?*".'%%%5% Although frequently used to demonstrate activity
of protein serine/threonine phosphatases, pNPP has been
termed a “bulky” substrate because the presence of a phenyl
ring makes it a more suitable model substrate for tyrosine
phosphatases.” In the presence of Mg®*, both PP2Ca and
Wip1 exhibit high k,./K,, values for suitable phosphopeptide
substrates and low values for pNPP (this work and refs 10 and
40), suggesting that the magnesium-based specificity more
closely reflects protein serine/threonine phosphatase character-
istics. Interestingly, our results demonstrate that the identity of
the metal bound to the low-affinity site is particularly crucial for
this substrate specificity, as the presence of Mg*', rather than
Mn?*, bound to the low-affinity site correlated with high activity
toward phosphopeptide substrates.

Our detection of the binding of a third Mg** ion to PP2Ca
by ITC required a high molar ratio of MgCl, to protein to
saturate the site. In a recent study using ITC, the binding of
Mn®* to the T. elongatus phosphatase, tPphA, provided
evidence for the binding of three metal ions, whereas a similar
experiment characterizing the binding of Mn** to human
PP2Ca suggested that only two ions are bound.”® Our ITC
results for magnesium binding to human PP2Ca (Figure 2)
suggest that the MnCl, concentrations in their experiments
may have been too low to detect the binding of the third metal
ion. It should also be noted that the PP2Ca crystal was grown
in the presence of 2 mM MnCl,*" whereas the crystallization
bufters for bacterial PP2C phosphatase structures that displayed
three metal ions in the active site included markedly higher
concentrations of metal ions.*¥*>*%73!

Another possible reason that the PP2Ca crystal structure
included only two metal ions was that the crystallization buffer
had a pH of 5.0.*' It has been noted previously that the activity
of PP2Ca is very low under this condition and that the
structure may correspond to an inactive form of the enzyme.**
Our results showed that lower pH values reduced the apparent
metal affinity as well as the activity of PP2Ca. The possibility
that the low pH of the crystallization buffer may have led to a
loss of metal coordination in human PP2Ca was also suggested
in a report on the MspP crystal structure.*" For this bacterial
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phosphatase, crystals that were grown at pH 8.5 included three
metal ions in the active site, whereas crystals grown at pH 5.5
contained only two metal ions. The loss of PP2Ca activity at
pH 5.0 has been suggested to result from incorrect
protonation.”* Our results suggest that the loss of M3
coordination at low pH also contributes to the reduction in
activity at low pH.

Interactions between adjacent monomers in the crystal may
have further contributed to the absence of a third metal ion in
the PP2Ca structure. The binding site of the third ion, located
at one end of the catalytic groove, is a point of contact between
monomers in the crystal. As depicted in Supporting
Information, Figure S4, the side chain of Lys303 from an
adjacent monomer protrudes into the active site, forming a salt
bridge with the potentially M3-coordinating residue Asp243
and potentially affecting the conformation of the M1/M3-
coordinating residue Asp239. These perturbations may have
resulted in a reduced affinity for the third ion. Furthermore, the
adjacent monomer also interacts with the Flap domain (Figure
SS), potentially altering its conformation.

It has been suggested that translocation of the Flap domain
during turnover may affect metal binding and substrate
recognition.”* Several of our findings support this hypothesis,
including the reduced affinity of the PP2Ca H164A mutant for
Mg2+ measured in the presence of the peptide substrate, the
loss of activity of the PP2Ca R195SA mutant, and the specific
substrate recognition patterns of the PP2Ca RI186A and
N188A mutants. Consistent with this, the catalytic efficiency of
tPphA R169A (equivalent to PP2Ca R195A) was 30% that of
the WT enzyme.” Furthermore, mutation to alanine of Wipl
Arg243 (equivalent to PP2Ca Argl86) resulted in loss of
activity toward a peptide substrate.>® In the crystal structure of
SaSTP, contacts among the four monomers in the unit cell have
been interpreted as resembling two pairs of enzyme—substrate
complexes.” Interestingly, in each pair, the SaSTP monomer
taking the role of “enzyme” contains three metal ions in the
active site and has an altered conformation of the Flap domain
that interacts with the “substrate” monomer. In addition, the
Flap domain of the A. thaliana PP2C phosphatase Habl is the
main interface for intermolecular contacts with a member of the
Pyr/Pyl/Rcar plant hormone receptor family.>* Thus, evidence
supporting the involvement of the Flap domain in substrate
recognition has been accumulating.

The PP2C phosphatases are characterized by their require-
ment for supplementation with Mg*" or Mn”" ions to exhibit
phosphatase activity in vitro. Experiments with purified
enzymes are typically performed in the presence of 10—30
mM MgCl, or MnCl,. The K, values we determined for
PP2Ca and Wipl, using a phosphopeptide as the substrate,
were 1.8 mM and 14 mM, respectively, and the dissociation
constant determined by ITC for the binding of Mg** to PP2Ca
in the absence of substrate was similar to the value of K ..
determined from kinetic assays. In mammalian cells, most
magnesium ions are bound to nucleotides, nucleic acids, and
proteins, and the concentration of free Mg>* ranges from 0.4 to
1 mM.>* For PP2Caq, if the binding constant determined in
vitro also applies in vivo, the kinetically necessary magnesium
binding site would be only partially occupied, and the enzyme
would not be fully active. However, this state of partial
activation may reflect physiological regulation of the enzyme
activity. For example, PP2Ca has been shown to increase
insulin sensitivity by activating PI3K.>* Insulin itself increases
the intracellular concentration of free Mg** ions,> providing a
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potential mechanism for activation of PP2Ca. Insulin also
increases the affinity of PDP1 for Mg, stimulating its
phosphatase activity*® and thereby increasing the activity of
the mitochondrial pyruvate dehydrogenase complex. Interest-
ingly, PDP1 from obese subjects is less active and has reduced
affinity for Mg?*.>’

In cells, PP2C phosphatases may be activated by endogenous
cellular components or specific signaling molecules that
increase the enzyme’s affinity for magnesium or manganese
ions. PP2Ca has been reported to be activated by fatty acids in
the presence of physiological concentrations of Mg*" ions.>® In
addition, PPM1G and PP2Ca are activated by ceramides.> For
Wipl, which displays 8-fold weaker binding to magnesium than
PP2Ca, the possible involvement of activating molecules in
cells becomes more compelling.

The requirement for supplementation with millimolar
concentrations of Mg”* or Mn?* is a defining characteristic of
the PP2C phosphatases that has remained enigmatic, while the
mechanism was restricted to the involvement of a bimetal
catalytic center. Recent structural studies of some bacterial and
plant PP2C phosphatases have revealed the presence of a third
metal ion in the active site and have suggested that its
involvement in the catalytic mechanism was likely to be a
general characteristic of the PP2C phosphatases. Our results
provide a thermodynamic and kinetic characterization of a third
Mg** ion binding to human PP2Ca and show that the aligned
residues of human Wipl are similarly involved. Our findings,
together with other recent reports, suggest that the third metal
ion plays complex roles in catalysis and the determination of
substrate specificity that remain incompletely understood.
Further investigation of the catalytic mechanism, including
the role of the Flap domain, will help in understanding the
physiological functions of the PP2C phosphatases and the
development of specific inhibitors and activators.

B ASSOCIATED CONTENT

© Supporting Information

Figure S1 displays RMSD values comparing the positions of 11
active site Ca atoms of PP2Ca (PDB 1A6Q) to the
corresponding atoms of 34 PP2C or PPM phosphatases
containing one, two, or three metal ions in the active site.
Figure S2 displays ITC results characterizing the binding of
Mg** to WT, D146A, D239A, and D243A proteins. Figure S3
displays a multiple sequence alignment of the catalytic domains
of 18 human PP2Cc-containing proteins. Figure S4 displays
position-specific residue frequencies for active site residues
among 134 PP2C catalytic domain sequences. Figure SS depicts
contacts between adjacent monomers in the PP2Ca crystal
(PDB 1A6Q) that may affect M3-coordinating residue
conformations. This material is available free of charge via
the Internet at http://pubs.acs.org.
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ATM, ataxia telangiectasia mutated; EDTA, ethylenediaminete-
traacetic acid; EGTA, ethylene glycol tetraacetic acid; HEPES,
4—2-hydroxyethyl-1-piperazineethanesulfonic acid; ILKAP, in-
tegrin-linked kinase-associated serine/threonine phosphatase;
IPTG, isopropyl pf-p-1-thiogalactopyranoside; ICP-OES, in-
ductively coupled plasma optical emission spectrometry; IR,
ionizing radiation; ITC, isothermal titration calorimetry; LB,
Luria—Bertani broth; MAPK p38a, mitogen-activated protein
kinase 1; MES, 2-(N-morpholino)ethanesulfonic acid; pS3,
tumor protein pS3 (TPS3); PBS, phosphate-buffered saline;
PDB, Protein Data Bank; PDP, pyruvate dehydrogenase
phosphatase; PHLPP, PH domain and leucine rich repeat
protein phosphatase; PP2Ca, PPMI1A; PPMI1A, protein
phosphatase, Mg**/Mn** dependent, 1A (PP2Ca); PPMID,
protein phosphatase, Mg**/Mn?* dependent, 1D (Wip1); TEV,
tobacco etch virus; Tris, tris(hydroxymethyl)aminomethane;
Wipl, PPM1D; WT, wildtype; f-ME, 2-mercaptoethanol
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