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ABSTRACT. The wild-type p53-induced phosphatase, Wipl (PPR2CPPM1D) is a member of the protein
phosphatase 2C (PP2C) family and functions as a negative regulator of the p38 MAP kinase-p53 signaling
pathway.PPM1Dis amplified or Wipl is overexpressed in several human cancers, and it acts as a weak
oncogene. Although inhibition of Wipl may have therapeutic value, no specific inhibitors are available.
In this study, we designed phosphopeptide inhibitors for Wip1 on the basis of its optimal substrate sequence.
We found that phosphoserine-containing diphosphorylated peptides with the sequpdeiplsibited

Wip1l phosphatase activity, whereas phosphothreonine-containing peptides with the seqxgiceee
physiological substrates. Moreover, tKeresidue in the p%pY sequence modulated inhibitor activity,
andg-branched amino acid-substituted (lle or Val) phosphopeptides showed high inhibitory potencies. A
thioether cyclic phosphopeptide c(MpSIpYVA) haka<1.0 uM. Two serine/threonine phosphatases,
PP2Gx and PP2A, were not significantly inhibited by the cyclic phosphopeptide with a nonhydrolyzable
phosphoserine mimetic. A homology model of Wipl bound to a cyclic phosphopeptide and site-directed
mutagenesis helped to identify residues important for Wip1 inhibitor selectivity among the PP2C family.
These results provide the first proof of concept of a specific inhibitor of the catalytic site of Wipl and
should be useful for developing potential anti-cancer drugs.

The wild-type p53-induced phosphatase WigPP2@ damage 4—6), Wip1 controls a feedback loop in the p38
or PPM1D) is a member of the protein phosphatase 2C MAP kinase-p53 signaling pathwag)( Wip1 also interacts
(PP2C) family, and its expression is induced by the p53 with a nuclear isoform of uracil DNA glycosylase (UNG2)
tumor suppressor after DNA damage, including that causedand suppresses base excision repair through phosphothreo-
by ionizing radiation or UV light {, 2). The p38 mitogen- nine dephosphorylation of its pTLpY sequendg. (t was
activated protein (MAP) kinase controls cellular pathways recently reported that Wipl dephosphorylates the phospho-
for proliferation, differentiation, development of the inflam-  serine of the pSQ sequence of p53 Serl5 and Chkl Ser345
matory response, and apoptoss. (Like PP2@, another (8) and the phosphothreonine in the pTQ sequence of Chk2
member of the PP2C family, Wipl inactivates p38 MAP Thr68 ), suggesting that Wip1l may have an important role
kinase through dephosphorylation of phosphothreonine in thein controlling cell cycle checkpoints in response to DNA
pTGpY sequence of its regulatory site).(Because phos- damage.
phorylated p38 MAP kinase phosphorylates and activates p53 ppM1D, the gene that encodes Wipl, is amplified or
to cause cell cycle arrest or apoptosis in response to DNA gyerexpressed in several human cancers such as breast
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respectively. TheX residue in the pXpY sequence affects
the substrate’s affinity for Wip116). We found that the
optimal substrate sequence of Wipl differs from that of
PP2Gx (16). It is expected that an inhibitor binding to the
catalytic site of Wip1 would show high selectivity. In this
study, we designed and synthesized a peptide inhibitor on
the basis of Wipl substrate specificity for the catalytic site.
We report here that peptides with aXj& sequence inhibit
Wip1 phosphatase activity, although peptides or proteins with

a pTXpY sequence are substrates. Moreover, we found that

thioether cyclic phosphopeptides with a pSIpY sequence
show an even higher inhibitory activit( of <1 uM), and

we developed a nonhydrolyzable phosphoserine mimetic-
substituted derivative that shows high selectivity toward
Wipl.

EXPERIMENTAL PROCEDURES

Protein Expression and PurificationThe N-terminal
histidine-tagged, catalytic domain of human Wip1 (residues
1-420), rWipl, and the K238Q, K238D, and R110E mutants
were expressed iBscherichia colBL21(DE3) and purified
as previously reportedlf). The PP2A catalytic subunit,
PP2Gyx and the full-length p3&(180pT 182pY) phospho-
protein were purchased from Promega (Madison, WI) or
Calbiochem (La Jolla, CA), respectively. Titerminal
GST-tagged, full-length p38and MKK6 were purchased
from Upstate Biotechnology (Charlottesville, VA).

Peptide Synthesis and PurificatioReptides were synthe-
sized by the solid-phase method with 9-fluorenylmethoxy-
carbonyl (Fmoc) chemistry. Phosphoamino acids were
coupled as Fmoc-Thr[PO(OBzl)OH]-OH, Fmoc-Ser[PO-
(OBzl)OH]-OH, and Fmoc-Tyr(P¢H,)-OH (Novabiochem,
San Diego, CA).L-2-Amino-4-phosphono-4,4-difluorobu-
tanoic acid (FPab) was coupled as FmogHab-OH (AnaSpec
Inc., San Jose, CA). Acetylation of thd-terminus was
achieved with acetic anhydride in the presence of 4-meth-
ylmorpholine. The thioether cyclic peptides were synthesized
as described previousht 7). The peptides were cleaved with
95% trifluoroacetic acid, 2.5% triisopropylsilane, and 2.5%

Yamaguchi et al.
Inhibition (%)= 100[1— (A — Ag)/(Ajp0 — Ap)] (1)

whereA andAqqo are absorbance intensities at 650 nm with
or without the peptide inhibitor, respectivelyy, is the
absorbance of the sample without phosphatase. Thg IC
values were estimated by a sigmoidal desesponse equa-
tion. The apparent inhibitory constar€; values were
estimated using eq 20).

K; = 1Csg/(1 + [SV/K,) 2)
where [S] is the concentration of the substrate peptide, and
Km is the Michaelis constant.

Steady-State Kinetics Assddinetics assays were carried
out in the manner described above. The amount of phosphate
released was calculated using a phosphate standard curve.
To determine the kinetic parametd{s, andk.,, the initial
velocities ¢) were measured at various concentrations of
substrate peptide ([S]), and data were fitted to the Michaelis
Menten equation (eq 3).

v = Ko SI(Kyy, + [S]) 3)

For inhibitor experiments, the initial velocities were
measured at various concentrations of the substrate peptide
with a constant concentration of the inhibitor ([I]). Lin-
eweaver-Burke plots were used to assess the type of
inhibition. TheKjs value was obtained by fitting the data to
the competitive inhibition equation (eq 4).

v = Keaf SJ(Kiy(1 + [/ Kig) + [S]) (4)

Inhibition of Wip1-Catalyzed p38Phosphoprotein De-
phosphorylation by the Thioether Cyclic Phosphopeptide
The phosphorylated, full-length p@BL8OPT 182pY) protein
(150 nM) and rWipl (150 nM) were combined with or
without the cyclic phosphopeptide inhibitor. Reactions were
carried out in 50 mM Tris-HCl at pH 7.5, 0.1 mM EGTA,
0.02% 2-mercaptoethanol, and 30 mM Mg@t 30°C for
30 min. The cyclic phosphopeptide and the rWipl inhibitor
were pre-equilibrated at 3 for 5 min. The reactions were

water and then purified by reversed-phase high-performancet€rminated by adding 2 SDS-PAGE sample buffer. The

liquid chromatography (RP-HPLC) on a C-4 or C-18 column
with 0.05% trifluoroacetic acid/water/acetonitrile. The purity
of the peptides was determined to b&5% by analytical
RP-HPLC. The masses of peptides were confirmed by
matrix-assisted laser desorption ionization time-of-flight mass
spectrometry (Micromass, Beverly, MA).

Phosphatase Assaf?hosphatase activity was measured
by a malachite green/molybdate-based as&éyl(8, 19). A
screening assay was carried out in buffer A (50 mM Tris-
HCl at pH 7.5, 0.1 mM EGTA, 0.02% 2-mercaptoethanol,
40 mM NacCl, and 30 mM MgG). rWipl (18 nM) was
incubated with 5«M TDDEMpTGpYVAT substrate pep-
tide (residues 175185 in human p3& MAP kinase) and
100 uM phosphopeptide inhibitor for 20 min at 3C.

The IG5 values for inhibition of phosphatase activity by
the phosphopeptide inhibitors were measured usingNd0
TDDEMpTGpYVAT substrate peptide in buffer A for 7 min

samples were resolved by SBBAGE and transferred onto
polyvinylidene difluoride membranes. After blocking with
4% BSA, membranes were probed with a polyclonal phos-
pho-p38 antibody (Thr180/Tyr182; Cell Signaling Technol-
ogy, Beverly, MA) followed by a peroxidase-conjugated
secondary antibody (Amersham Bioscience, Piscataway, NJ)
and chemiluminescent detection (Amersham Bioscience).
The p3& protein level in each reaction was determined by
Coomassie staining.

Kinase AssayGST-p3&: protein (150 nM) and MKK6
(30 nM) were combined with or without cyclic phospho-
peptide inhibitors (10@M). Reactions were carried out in
buffer A with 100 uM ATP at 30 °C for 30 min. The
reactions were terminated by adding 8DS-PAGE sample
buffer. Samples were subjected to immunoblotting analysis
using an anti-phospho-p38 antibody or a monoclonal GST
antibody (26H1; Cell Signaling Technology) as described
above.

at 30 °C. The phosphatase and phosphopeptide inhibitors Circular Dichroism (CD) Measurementdzar-UV CD

were pre-equilibrated at 30C for 6 min. The inhibition
percentages were estimated by eq 1.

spectra were measured on a JASCO J-715 spectropolarimeter
(Easton, MD) using a quartz cuvette with a path length of 1
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mm at 25°C. Peptides were dissolved in buffer A at a starting positions and a series of arbitrarily selected fixed
concentration of 5@M. Eight scans were averaged for each positions over the catalytic site. Simulations of the cyclic
sample. The averaged blank spectrum (buffer A) was peptides allowed for rotation of all of the single bonds of
subtracted. the side chains while keeping the circularized backbone in
NMR Spectroscopy and Determination of Peptide Struc- the minimized average conformation obtained by NMR. In
ture. NMR samples were prepared by dissolving the cyclic contrast, simulations of the linear peptides allowed for free
phosphopeptide inhibitor powder in 50 mM sodium acetate rotation around all non-amide backbone dihedrals in addition
buffer (pH 5.0). NMR spectra were collected on a Bruker to the side chain single bonds. In all cases, the sampling
Avance-500 MHz spectrometer at 280 K. Homonuclear, 2D was carried out with the Lamarckian genetic algorithm, with
total correlation spectroscopy (2D TOCS¥®)J, and 2D*C population sizes ranging from 50 to 150 individuals and the
heteronuclear single quantum correlation (HSQ&2) (vere number of generations ranging from 1500 to 20 000. The
used for the assignments of the peptide. The nucleardefault values were used for all other algorithmic parameters.
Overhauser effect (NOE)-derived distance restraints were
determined from homonuclear 2D rotational nuclear Over- RESULTS
hauser effect spectroscopy (ROES®B). The processing o )
and analysis of the collected data were carried out with _ Inhibition of Phosphatase Acity of the Human Wipl
NMRPipe @4) and NMRView (Merck Research Laborato- Catalytic Domain (rWip1) by Phosphopeptid&nth Wipl
ries) software packages. and PP2@ dephosphorylate the phosphothrepnme reS|dge
The structures were calculated on the NIH Biowulf cluster ©f the pTGpY sequence from the p38 MAP kinase protein
with the program XPLOR-NIH version 2.12%). The upper or its peptidein vivo andin vitro (2', 16, 30). However, a
distance bounds were set to different categories<@f5, kinetics study using p_hosphopeptldes showed that. diphos-
2.5-3.5, 3.5-4.5, and 4.56.0 A on the basis of the Phorylated peptides with a XpY sequenceX = glycine,
intensities of the NOESs. Calculations were performed using @lanine, or leucine) are better substrates for Wipl than
a standard simulated annealing protocol starting from randommMonophosphorylated peptides, whereas RP@@fers mono-
coordinates. Fifty conformers were calculated on the basis Phosphorylated peptides with KY or RXpT sequencesif).
of 123 NOE-derived distance restraints. The 10 lowest- 1hese results indicate that the optimal substrate sequence of
energy structures with no distance violations greater than Wipl differs from that of PP2G. A homology model of
0.3 A and no angle violations greater thawéere accepted Wip1 that was developed from the crystal structure of RiP2C
into the final ensemble. (26) showed that all of the metal-binding and directly
Molecular Modeling and Computational Analysie 3D adjacent re_sidue;s in the catalytic sit_es of both Wipl and
molecular models of the Wip1 protein and the linear and PP2G are identical, whereas the residues surrounding the
cyclic phosphopeptide inhibitors were developed as previ- catalytic sites differ16). Lysine 238 (K238) in human Wip1,
ously described16). As before, the homology model of located near the catalyuc_sne, is unique among residues of
Wipl did not include residues 23263 of the protein  the PP2C family. A docking model of Wipl with the p38
sequence, which likely form a loop on the protein surface Substrate peptide (DEMpTGpYVA) and a point mutation
near the periphery of the catalytic site. That is, the average Study revealed that K238 interacts with the phosphotyrosine
distance of the loop’®\- and C-terminal anchors from the ~ residue in the p38 peptide and plays an important role in
two metal atoms is approximately 16 A. Unfortunately, this substrate discrimination (i.e., prefer_ence for dlphos_phprylated
segment cannot be modeled with much confidence becauséubstrates)l(). Therefore, we considered the possibility that
it is unique among the sequence alignment of the PP2C & Phosphotyrosine peptide might bind to the catalytic site of
family members (not shown) and, thus, lacks a conforma- Wipl and inhibit its phosphatase activity with high selectiv-
tional template from the PP2Ccrystal structure 46). ity.
Secondary structure prediction of this segment alone using To confirm this possibility, we first tested the inhibition
a variety of methods suggests that it formg-hairpin loop of the Wipl-catalyzed substrate peptide, TDDEMpY -
(results not shown). However, what the protein-bound VAT, corresponding to p38 MAP kinase sequence residues
structure would be or how it would orient on the surface of 175-185 (human), by the phosphotyrosine peptide TD-
Wip1l cannot be correctly predicted. Likewise, the observed DEMTGpY VAT. In this experiment, we used the catalytic
waters in the catalytic site of the PP@Crystal structure  domain of human Wipl (rWipl), which has phosphatase
(26) and possible repositioning of the His107 residue (His62 properties comparable to those of full-length WidB)( As
in PP2@) (27) were not carried-over to the Wipl homology shown in Table 1, the phosphotyrosine peptide (row 2)
model because of structural uncertainty. slightly inhibited the activity of rwWipl relative to the non-
Docking simulations were performed and analyzed with phosphopeptide (row 1). Because rWipl prefers diphospho-
the integrated AutoDock32@8) and AutoDockTools Z9) rylated peptides, we also tested the inhibitory activity of a
software packages. The simulations were setup using aphosphoserine peptide with a pSGpY sequence that is not a
variety of sampling grid sizes with the shortest side ranging substrate for rwipl (Table 1 and r&6). Interestingly, the
from 27 to 38 A. These distances were sufficient to permit diphosphorylated peptide (row 3) showed higher inhibitory
the tested peptides to fully rotate during the docking activity than that of the phosphotyrosine peptide (row 2) or
conformational searches. The point spacing of each grid wasthe monophosphorylated phosphoserine peptide (row 4).
kept at the default 0.375 A, but a few different positions These results indicate that phosphotyrosine peptides can
were used in centering over the catalytic site of Wip1 to inhibit the Wipl phosphatase activity and that the diphos-
reduce finite-grid artifacts. Minimums of 200 independent phorylated peptide with a pSGpY sequence had higher
simulations were run for each peptide, with both random inhibition potency.
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Table 1: Kinetics Parameters and Inhibitory Activities of substituted peptides. These results indicated that tiesidue

Phosphopeptides in the pXpY sequence is important for modulating the
Ko, Ko inhibition inhibitory activity and also the substrate interaction with the
phosphopeptide (M) ) (%) enzyme. From these substituted peptides, TDDEMpSIpY-
1 TDDEMT-GYVAT ND® ND° 0 VAT was used as a template for the subsequent development
2 TDDEMT-GpYVAT ND¢ ND¢ 742 of inhibitors.
3 TDDEMpS-G-pYVAT ND¢ ND¢ 15+2 Inhibition by Thioether Cyclic Phosphopeptides with a
4 TDDEMpSG-YVAT  ND¢ ND¢ 7£5 pSIpY Sequenc@o develop more potent and smaller sized
2 %BEMB?Q:BQE ﬁl%jd[ 1 &I'gf 0.2 g‘lD; 04 @nhibitors, one of th(_a m_odifications frequently underta.ken
7 TDDEMpSI-pYVAT ND¢ ND¢ 54+ 0.1 is to cyclize the peptide in order to decrease conformational
8 TDDEMpSL-pYVAT 41+14 0.8+0.1 NI¥ flexibility (17). Therefore, the template phosphopeptide
9 TDDEMBSBEYVAT ~ ND ND¢ 32+1 TDDEMpSIpYVAT was cyclized. Furthermore, to attain a
12 %BEMEEE—%\\((\\/AL mgd “Bd gig small inhibitor, we synthesize truncated cyclic phosphopep-
12 TDDEMpSP-pYVAT ND¢ ND¢ 2645 tides by deleting residues from tiNeterminus. For cycliza-
13 TDDEMpSQ-pYVAT 10+1 1.6+0.03 NI tion, a thioether linkage between thé-terminal acetyl
i‘sl %BEMD??@JV@JAT gg i 36 %Si 8-% mg residue and the side chain of tiieterminal cysteine was
16 TDDEMBSNV&-SYVAT 17+2 11+003 ND !nt_roduced (Figure 1A) beca_lqse fchls is a simple reaction, and
17 TDDEMpSNIe-pYVAT 13+1 0.9+0.02 ND it is useful for further modifications at th€-terminus of
18 TDDEMpSCha-pYVAT ND¢ NDd 40+ 2 the peptide.

2 The regions containing phosphorylated residues in the peptides are Thioether CyCII.C phosphopeptides were compared _W'th line-
highlighted in gray, and substitutions are indicated by bold type. Abu, ar phosphopeptides that were blocked by acetylation at the
2-aminobutytic acid; Nva, norvaline; Nle, norleucine; and Cha, cyclo- N-terminus and by amidation at tidterminus, respectively
hexylalanineP The results are presented as inhibitory activity relative (Figure 1A). The modifications of linear peptides at both

to that in control incubations where the inhibitor was omitted. P N S o
Concentrations of rWipl, phosphopeptide inhibitor, and the TD- LErmini did not significantly affect their inhibitory activities

DEMpTGpYVAT substrate peptide were 18 nM, 1081, and 50uM, in comparison with nonmodified peptides. For example, the
respectively. The results show the meanstandard error of at least ~ activities of Ac-TDDEMpSIpYVAT-NH, and TDDEMp-
triplicate experiments: Not determined? The K, andk:q values could SIpYVAT were 58 and 54%, respectively, under the same
not be determined because of the high All assays were performed  gnditions as those in Table 1. As shown in Figure 1B, the
at 30°C and pH 7.5. S - . .
inhibitory activities of linear peptides (open bars) were
slightly reduced by decreasing the chain-length. In contrast,

Phosphopeptides that have a hydrophobic amino acidthe cyclization of peptides (closed bars), except for the cyclic
(alanine, leucine, or valine) at theresidue in the pXpY pSIpYVAT peptide denoted as c(pSIpYVAT), enhanced the
sequence showed high affinity for rWipl compared with inhibitory activities compared to that of each linear peptide.
those having pTGpY, pTEpY, or pTPpY sequencis)( The c(EMpSIpYVAT) and c¢(MpSIpYVAT) peptides exhib-
Therefore, theX residue in the TDDEMp&pYVAT diphos- ited especially significant enhancements of inhibitory activi-
phorylated peptide was changed to several amino acids (rowsies. To compare the conformation of cyclic and linear
5-18in Table 1). Because some of phosphopeptides couldpeptides, CD spectra of c(MpSIpYVAT) and Ac-MpSIpY-
be potential substrates for rwWip1, we first measured kinetic VAT-NH, were measured (Figure 1C). The linear peptide
parameters for those phosphopeptides (Table 1). The hydroshowed a negative band around 200 nm, which implies a
phobic amino acids (alanine, leucine, and 2-aminobutylic nonordered structure. However, c(MpSIpYVAT) showed
acid) or serine-substituted peptides were poor substratesnegative bands around 204 and 218 nm, characteristic of a
compared to the TDDEMpTGpYVAT substrate peptiéié,(  g-turn (31), suggesting that the cyclization of peptides
= 17 uM, ks = 0.8 s%). A glutamine-substituted peptide  decreased their conformational flexibility, as expected.
was a good substrate for rwipl (row 13). Tke/Kn value To find a more potent and possibly smaller inhibitor, we
for this peptide was increased by 3.4-fold compared to the next tested truncated peptides of c(MpSIpYVAT) by deleting
TDDEMpTGpYVAT substrate peptide and is consistent with  residues from th€-terminus (Figure 2A). Peptides with one
the recent finding that phosphoserine in the pSQ sequencesr two amino acids deleted from thé-terminus gave
of p53 and Chkl are dephosphorylated by Wi). (  complete inhibitory activity against rWip1 under our assay
Norvaline- and norleucine-substituted peptides showed simi- conditions. Further deletion, as in c(MpSIpY), did not show
lar kinetic parameters to the TDDEMpTGpYVAT substrate an improvement of inhibitory activity. The kgvalues for
peptide (rows 16 and 17). Other substituted peptides in Tablethe inhibition of rwip1 by the cyclic phosphopeptides were
1 were not dephosphorylated by rwip1. measured at a constant concentration of the TDDEMpTG-

The inhibitory activities of phosphopeptides, except for pYVAT substrate peptide. As shown in Figure 2B and Table
the substrate peptides as described above, were next analyze?l the cyclic phosphopeptides inhibited rWipl phosphatase
(Table 1). The3-branched amino acid (valine or isoleucine)- activity in a dose-dependent manner, and we found a six-
substituted peptides showed 3.5-fold higher inhibitory activity residue cyclic phosphopeptide c(MpSIpYVA) to be the most
(rows 6 and 7) than that of the glycine-substituted peptide potent and smallest inhibitor of rWipl. The gQvalue of
(row 3) while aspartic acid-, phenylalanine-, lysine-, or 3.7uM was 37-fold better than that of an 11-residue cyclic
proline-substituted peptides showed lower inhibitory activity phosphopeptide, c(TDDEMpSIpYVAT). These results in-
against rWipl (rows 912). The activity of a more bulky  dicate that cyclization of the phosphopeptide is effective not
amino acid (such as cyclohexylalanine-substituted peptide only in increasing the inhibitory activity but also in reducing
(row 18)) also was lower than that of valine- or isoleucine- the molecular size.
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Ficure 2: Inhibition of rWip1 phosphatase activity by the thioether
cyclic phosphopeptides. (A) Inhibition by different chain-length
thioether cyclic phosphopeptides (thioether cyclic peptides are

phosphopeptides. (A) Schematic representation of thioether cyclic dénoted by c(peptide sequence)). Experimental conditions were the
and linear phosphopeptides. The thioether linkage was formed S8Me as those in Figure 1B. (B) Concentration dependence of
between theN-terminal acetyl residue and the side chain of a Inhibition by thioether cyclic phosphopeptides: c(MpSIpYVAT)

C-terminal cysteine amide. Th&l- and C-terminus of linear

phosphopeptides were blocked by acetylation and amidation,

respectively. (B) Comparison of the inhibition of rWip1 by thioether

(@), c(MpSIpYVA) (O), c(MpSIpYV) (a), and c(MpSIpY) 4).
Concentration of the TDDEMpTGpYVAT substrate peptide was
50 uM. The data were fitted to the sigmoidal desesponse

cyclic (closed bars) and linear (open bars) phosphopeptides with equation as described in Experimental Procedures. The graph shows

different chain-lengths using the substrate peptide, TDDEMpTG-
pYVAT. Concentrations of the inhibitors and substrate were 100
uM and 50uM, respectively. The graph shows the average of at
least duplicate experiments. All assays were performed &C30
and pH 7.5. (C) CD spectra of c(MpSIpYVAT®] and Ac-
MpSIpYVAT-NH; (O) phosphopeptides in buffer (pH 7.5) at 25
°C. Peptide concentrations were bd.

Characterization of a Thioether Cyclic Phosphopeptide
c(MpSIpYVA)The phosphopeptide inhibitors in this study
were designed as inhibitors of the catalytic site of Wipl. To
confirm that c(MpSIpYVA) actually interacted with the
catalytic site of rWipl, the inhibitory mechanism of c(Mp-
SIpYVA) was studied. As expected, Lineweav@&urke
plots, using the TDDEMpTGpYVAT substrate peptide,

the average of at least duplicate experiments. All assays were
performed at 30°C and pH 7.5. (C) Inhibition of the rWip1-
catalyzed, full-length p3®(180pT 182pY) dephosphorylation by
c(MpSIpYVA). The reaction mixture of rWipl (150 nM) and p38
phosphoprotein (150 nM) was incubated with c(MpSIpYVA) (0,
5, 10, 50, and 10QuM) at 30 °C and pH 7.5 for 30 min.
Dephosphorylation of the p88phosphoprotein was determined by
immunoblotting analysis using an anti-phospho-p38 antibody (top
panel) that did not recognize the non-phosphorylatedy38tein
(data not shown). The p88protein level in each reaction was
confirmed with Coomassie staining (bottom panel).

indicated that c(MpSIpYVA) is a competitive inhibitor (plots
not shown) with aKjs of 0.7 uM. This value is consistent
with the apparenk; value (0.9uM) from the 1G5, value
shown in Table 2, suggesting that c(MpSIpYVA) acts as a
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Table 2: Inhibition of rWipl Phosphatase Activity by Thioether
Cyclic Phosphopeptides at 3C and pH 7.5

cyclic phosphopeptide g (uM) Ki (uM)
c(TDDEMpSIpYVAT) 138.44 35.6 35.0
c(MpSIpYVAT) 99.9+ 11.5 25.2
c(MpSIpYVA) 3.7+0.2 0.9
c(MpSIpYV) 11.6+ 1.0 2.9
c(MpSIpY) 29.44 2.3 7.4

@ The 1Gy values for inhibition of rWipl activity by the different
cyclic peptides were estimated from desesponse phosphatase assays,
and the apparerK; values were estimated by eq 2 as described in

Experimental Procedures. Thioether cyclic peptides are denoted by
c(peptide sequence). The results show the average of at least duplicate

experiments.

highly active inhibitor at the catalytic site. We next tested
whether ¢(MpSIpYVA) could inhibit the rWip1-catalyzed,
full-length p38x(180pT 182pY) dephosphorylation. Immu-
noblot analysis with an antibody that specifically recognizes
the diphosphorylated form of the p&@®rotein indicated that
c(MpSIpYVA) also inhibited rWipl phosphatase activity
toward the p38 protein in a dose-dependent manner (Figure
20).

The conformation of c(MpSlpYVA) was investigated by
CD and NMR spectroscopy. As shown in Figure 3A, the
CD spectrum of c(MpSIpYVA) exhibited a negative band
and a shoulder around 203 and 214 nm, which is indicative
of a S-turn structure 1), and a positive band around 230
nm. This spectrum is different from that of c(MpSIpYVAT)
(Figure 1C), which had weak inhibitor activity, or c(pSIpY-
VAT), which also had weak activity (Figure 1B) and the
same number of amino acids as those of c(MpSIpYVA)
(Figure 3A). The 3D structure of c(MpSIpYVA) obtained
by NMR measurements is shown in Figure 3B. Specifically,

nine independent models resulting from the structure deter-

mination process are superimposed to judge the flexibility

Yamaguchi et al.

>

O c(pSIpYVAT)

Mean residue ellipticity x 103
( cm2 deg dmol-1)
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Ficure 3: Solution structure of c(MpSIpYVA). (A) CD spectra of
c(MpSIpYVA) (®) and c(pSIpYVAT) ) phosphopeptides in
buffer (pH 7.5) at 25°C. Peptide concentration was a0/. (B)
Superposition of nine independent models of c(MpSlpYVA)
developed from NMR measurements as described in Experimental

of the molecule. All of the side chains project away from Procedures. The amino acid backbone atoms are colored green, and

the backbone core. As can be seen, the conformation of th
backbone (green) is highly constrained for this cyclic peptide.
The largest motion occurs at the thioether sulfur atom
(yellow) that links the ends of the peptide, and the backbone
is bent at the thioether bond. The IpYVA four residues are
involved in thefS-turn structure, and this is consistent with
the CD spectrum. The pSIpY three-residue stretch also
assumes an approximatgrBelical conformation. Thus, these
results indicate that forming a rigid backbone through
appropriate length reduction and cyclization contributes to
enhanced inhibitory activity.

Thioether Cyclic Phosphopeptide Inhibitor with a Phos-
phoserine Mimetic Shows Seleity toward rWipl To
determine whether the activity of c(MpSIpYVA) is specific
to rWipl, its inhibitory activity toward two other serine/
threonine protein phosphatases, PR2énd PP2A, was
evaluated. PP2A, which is in a different gene famiB2)(
was not significantly inhibited by c(MpSIpYVA) (Table 3).
However, PP2@, in the same family as that of Wip1l,
dephosphorylated the phosphoserine in c(MpSIpYVA). The
estimatedK,, and k., values were 11uM and 2.0 s?,
respectively, and thk../Kn, value was 8.3-fold higher than
that of the TDDEMpTGpYVAT substrate peptidi€{ = 90
UM and ke = 2.0 s%), indicating that c(MpSIpYVA) was
a better substrate of PP@Ghan TDDEMpTGpYVAT. To
circumvent dephosphorylation by PR2Cwve next synthe-

eyeIIow is used to highlight the thioether sulfur. Of the side chains,

carbon is gray, oxygen is red, phosphorus is orange, and sulfur is
yellow. Additionally, red and blue denote the oxygen and nitrogen,
respectively, of theC-terminal amine.

Table 3: Selectivity of Thioether Cyclic Phosphopeptides Toward
Other Serine/Threonine Phosphatases

ICso (uM)®
cyclic phosphopeptide rWipl PP2@. PP2A
c(MpSIpYVA) 3.7+0.2 ¢ >200
c(MF,PablpYVA) 16.5+45 >200 >200
c(MEIpYVA) >200 >200 >200
c(MDIpYVA) >200 >200 >200

a Phosphoserine and phosphoserine mimetic residues are indicated
in bold. ® The concentrations of the rwWipl, PP2CGind PP2A catalytic
domains were 18 nM, 17 nM, and 2.1 U/mL, respectively. Other
conditions were the same as those in Figure 2B. The results show the
average of at least duplicate experimeftSubstrate:Kn, = 11 uM,;
kcat =20 S_l.

sized c(MpSIpYVA) derivatives with a nonhydrolyzable
phosphoserine mimetic-2-Amino-4-phosphono-4,4-difluo-
robutanoic acid (fPab), which has a chemical structure
similar to that of serine phosphate (Figure 4A), was
introduced as a mimetic,Pab-derived peptides are resistant
to hydrolysis by cellular phosphatases, and, in contrast to
methylene derivatives, the second ionization constant of the
phosphonate (pKaz2) is closed to that of the phosplg8e (
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A
pSer F,Pab
QH QH
0=P-OH O=P-OH
0 F-C-F
CH, CH,
H,N-CHEOOH H,N-CHEOOH
Glu Asp
OH
o-¢
CH, 0-¢
H, CH,
H,N-CHCOOH H,N-CHEOOH

IB: anti-GST lowest energy structures of a highly populated binding motif of
I c(MpSIpYVA) are shown superimposed. The color scheme of these
cyclic phospopeptides is the same as that in Figure 3B. The
(2 e homology model of Wip1 is shown in light orange, except for the
Ficure 4: Selectivity of cyclic phosphopeptides with phosphoserine tWo Mg?" atoms (magenta) and highlighted residues. Residue labels
or a phosphoserine mimetic. (A) Chemical structures of phospho- for the cyclic phosphopeptide are distinguished by white oval
serine (pSer),-2-amino-4-phosphono-4,4-difluorobutanoic acigh (.~ Packgrounds. Thal- andC-terminal anchors for the missing loop
Pab), glutamic acid (Glu), and aspartic acid (Asp). (B) Immunoblot in the homology model that is unique to Wip1l among the PP2C
analysis of MKK6-catalyzed phosphorylation of titerminal family are shown in dark orange.
GST-tagged, full-length p38B protein with or without cyclic
phosphopeptide inhibitors. The phosphorylation states of GS&p38 selectivity of c(MpSIpYVA) for Wip1l. For this purpose, we
were analyzed with an anti-phospho-p38 antibody (top panel) that ysed a homology model of Wip11§) that was developed

recognizes phosphorylation at T180 and Y182 of p38. The GST- .
p38x protein level of each reaction was confirmed with an anti- from the crystal structure of PP2CBecause of the relatively

GST antibody (bottom panel). Row 1, no inhibitor; row 2, large exposed area of the catalytic site, multiple distinct
c(MpSIpYVA); row 3, c(MRPablpYVA); row 4, c(MEIpYVA); binding motifs were identified. Figure 5 displays one of the
and row 5, ¢(MDIpYVA). The concentrations of GST-p88  few motifs that were repeated most often among the hundreds
g/'OKKﬁ/'I Angd al'\}ld cyc(ljicl%%oslslhopeptidg i”r‘ibiﬂs were 150 nM, - of performed simulations. In particular, to emphasize the near
perfgrrﬁed atﬂ 30”Caer1]nd pH ‘7‘_5j respectively. assays were perfect reproducibility, Figure 5 displays the superposition
of the seven lowest-energy structures of c(MpSIpYVA)
To examine the effects of additional phosphoserine mimetics, obtained from independent groups of simulations. This
glutamic acid- and aspartic acid-substituted derivatives alsobinding motif is especially interesting because it is analogous
were tested. As expected, cAyPablpYVA) was not de- to that we previously reported for the linear DEMpTGpYVA
phosphorylated by PP2C and it effectively inhibited the  substrate peptidel16). Specifically, we found that the
phosphatase activity of rWipl (Table 3). Although thedC  phosphate group of the phosphoserine residue was in contact
value of 16.uM (K; = 4.2 uM) for the inhibition of rwip1 with R76 (in approximately the same position as that of the
is 4.5-fold weaker than that of c(dBlpYVA), this derivative phosphate ion in the PP2Crystal structure46)) and that
showed higher activity than other cyclic phosphopeptides the phosphate group of the phosphotyrosine residue forms
(Tables 2 and 3). In contrast to cfyPablpYVA), the salt-bridges with the positively charged side chains of the
c¢(MEIpYVA) or c¢(MDIpYVA) derivatives did not show K238 and/or K218 residues of Wipl. As shown previously
significant inhibitory activity against each of the phosphatases (16), K238 is unique to Wipl among the PP2C family,
(Table 3), suggesting that glutamic acid and aspartic acid whereas K218 is conserved among the other PP2C members.
do not compensate for phosphoserine. Intriguingly, in the binding motif shown in Figure 5, the
Because phosphorylation of the pTGpY motif in p38 MAP hydrophobic isoleucine between the phosphoserine and
kinase is catalyzed by MKK6 kinase, an upstream MAP phosphotyrosine, which was found to be important for
kinase-kinase of p38, there was a possibility that a cyclic inhibitory activity, projects from the surface, where it could
phosphopeptide might bind to the catalytic site of MKK6 be exposed to solvent and destabilize the complex. In
and inhibit its kinase activity. To explore this possibility, a contrast, the hydrophobic valine residue of the cyclic peptide
kinase assay of MKK®6 for thB-terminal GST-tagged, full-  is energetically favorably buried in a nonpolar pocket at the
length p38 protein (GST-p38) with or without cyclic interface of the complex. All attempts to manually position
phosphopeptide was performed. Immunoblot analysis of and use docking simulations to find a related binding motif
MKK6-catalyzed phosphorylation of GST-p@&howed that  that would additionally locate the isoleucine residue in a
none of the four cyclic phosphopeptides with phosphoserine nonpolar environment were unsuccessful.
or the phosphoserine mimetic inhibited MKK6 activity Lysine 238 of rWip1 Is Important for the Interaction with
(Figure 4B). the Thioether Cyclic PhosphopeptidBecause molecular
Structural AnalysisDocking simulations were conducted modeling indicated that K238 in rWipl may play an
to better understand the molecular basis for the observedimportant role in the interaction with c(MpSIpYVA), inhibi-

IB: anti-phospho p38 e T
- P Pho p Ficure 5: Molecular model from docking simulations of Wipl
complexed with c(MpSIpYVA). Seven independently obtained
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Table 4: Inhibition of rWip1 Mutants Phosphatase Activities by higher inhibitory activities among tested peptides. Although
c(MpSIpYVA) many phosphoproteins are known, phosphoproteins with a

pSIpY sequence have not been identified. This suggests that

mutant 1Go (uM)? Km (uM)P Ki (uMm)© . S .

0 (M) (M) (M) a Wip1 endogenous inhibitor with the pSlpY sequence may
WT 3.7+0.2 17+3 0.9 not exist
K238Q 623+ 222 30+ 4 235 e .
K238D N 354 4 ND* The cyclic phosphopeptide c(MpSIpYVA) was a potent
R110E 5.7£0.7 13+ 2 15 inhibitor (Ki < 1 uM) of rWipl in a competitive manner.

a|Cso values for the inhibition of rwipl mutants by c(MpSIpYva) ~ CD and NMR measurements revealed that ¢(MpSIpYVA)
were estimated from doseesponse phosphatase assays. The results forms a more rigid structure than the linear peptide or the
show the average of at least duplicate experiments. Assay conditions|ess active cyclic peptides in buffer solution (Figure 3). The
were the same as those in Figure 2Bhe Ky values for the  high degree of conformational flexibility of the linear peptide

TDDEMpTGpYVAT substrate peptide were estimated by e The b £l ivity: h h id
K, values were estimated by eq 2 as described in Experimental MY D€ a cause of lower activity; hence, such peptides were

Procedures? The 1G5 andK; values could not be determined because Cyclized to decrease conformational flexibilith 7 37).
of high ICsp. Additionally, cyclic peptides may be resistant to proteases

and be more stable than their linear counterparts. Because
of these advantages, cyclic peptides are frequently used to
tion assays with strategic point mutations in rwipl were design inhibitors of proteinprotein interactions1(7) or of
undertaken. As was done previously, K238 was changed totyrosine phosphatase8?.
glutamine and aspartic acid, which are conserved in the The structure obtained by NMR measurements showed that
PP2Qy, 8, or y member sequence$d). We also tested the  the truncation and cyclization of peptides fix the side chains
R110 mutant (R110E) that has substrate specificity similar of both phosphorylated residues to be roughly aligned along
to that of wild-type rWipl 16). one side (Figure 3B). The resulting enhanced inhibitory
The K238Q change resulted in a dramatically elevategl IC ~ activity indicates that this conformation is especially suitable
value compared to that of wild-type rWipl (Table 4). The for binding to the catalytic site of Wip1. We also found that
estimatedK; value for K238Q was 23&M, which is 260- @ Peptide containing the phosphoserine mimeti®db
fold higher than that of wild-type rWip1. The K238D mutant Showed high inhibitory activity for rWiplK; < 5 uM)
was also not inhibited by c(MpSIpYVA). In contrast, the (Table 3). More importantly, c(MfPablpYVA) showed
R110E variant showedI§ value of 1.5:M, similar to that > 12-fold selectivity toward rWip1 over PP2C which has
of wild-type rWipl (Table 4). We next compared the & catalytic domain that is 50% similar to that of Wipl
inhibitory activities of K238Q rwipl and PP2Cby the F- (residue 63378 in humans). The microcystins and the
Pab-containing cyclic phosphopeptide, c@REDIpYVA). nodularins are naturally occurring cyclic peptides and are
Because of high 16 values, we could not estimate the potent inhibitors of the catalytic sites of PP1 and PP23) ( .
values against K238Q Wip1 and PR2Cesults not shown); ~ Because PP2C family members have different catalytic
however, activities could be measured by increasing the domain structures compared to those of PP1 and PB2) (
inhibitor concentration to 10aM; these were 27 and 26% the microcystins and the nodularins would not inhibit the
for K238Q rWipl and PP2€, respectively. These results Phosphatase activity of the PP2C famill]. In addition,
suggest that K238 is not only important for its interaction there is no structural similarity between cyclic phosphopep-
with the cyclic phosphopeptide inhibitor but also for its tide inhibitors of Wip1 and the microcystin or the nodularin

selectivity with respect to that of other phosphatases. structures; therefore, our cyclic phosphopeptides represent
the first specific and potent Wip1 inhibitors to be described.
DISCUSSION Interaction of the Cyclic Phosphopeptide Inhibitor with

Wipl.As seen in our previously published sequence align-

Inhibition of Wip1 activity may suppress the proliferation ment (16), there is a high degree of conservation of the metal-
of certain types of cancer celld4). Furthermore, analyses  pinding and directly adjacent residues (e.g., R76) forming
of PPM1Dnull mice revealed defects in reproductive organs, the Cata|ytic sites of Wip]_ and PPaCIn contrast, sequence
immune function, and cell cycle contrd4), indicating that  substitutions, including E37/P80, Q186/K238, R186/D264,
Wipl must have several important biological functions. and D243/N318 (in PP2€@Wipl) are found farther from
Recent studies indicate that in addition to p38 MAP kinase the catalytic site. Because the residues in the catalytic site
(2), UNG2 (7), p53 @), Chkl @), and Chk2 @) are  of Wip1l are highly conserved among PP2C family members,
physiological substrates of Wip1; however, the role of Wipl it was expected that designing inhibitors specific for the
in regulating the activities of these newly described substratescatalytic site of Wip1 would be challenging). However,
is not clear. The development of a specific inhibitor of Wipl our cyclic phosphopeptides clearly demonstrate that the
is important not only for its use as an anti-cancer drug but catalytic site of Wip1l is a good target for the development
also to further clarify the biological role of Wipl in cell  of specific inhibitors. Docking simulations strongly suggest
signaling. Recent studies identified inhibitors of WiEbY that c(MpSIpYVA) binds to the Wipl catalytic site in a
or PP2@ (36) by screening a small chemical compound manner analogous to that of the previously studied DEMpT-
library or by computational analysis; however, the inhibition GpYVA substrate peptide (see Figure 5 and ref 16))
mechanism of these compounds has not been elucidated. |nhibition studies using rWip1 with specific point mutations

Cyclic Phosphopeptide Inhibitor of WipIn this study, provide support for this conclusion. That the inhibitory
we designed a phosphopeptide inhibitor for the catalytic site activity of the cyclic phosphopeptide was progressively
of Wipl on the basis of its substrate specificity. We found reduced for the K238Q and K238D mutants indicates a close
that phosphopeptides containing the pSIpY motif confer contact with phosphotyrosine in c¢(MpSIpYVA). This also
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is consistent with the lack of an effect of the R110E mutant,  In conclusion, our results show that substrate-based cyclic
which is on the opposite side of the active site of Wipl from phosphopeptides are potent competitive inhibitors of Wip1.
K238. Having the same binding motif as that of the substrate We also identified a specific residue (K238) within the
is also consistent with the finding presented here, that is, extended catalytic site of Wip1 that plays an important role
that the mechanism of inhibition for c(MpSIpYVA) is compet- in determining inhibitor selectivity over that of the other
itive. K238 of Wip1, which is important for the high selec- PP2C family members. Although our cyclic phosphopeptides
tivity of c(MpSIpYVA) (Table 3), is conserved in human, have four negative charges, which may prevent penetration
mouse Xenopusand zebrafish Wip1 but not in other PP2C of the cell membrane, our study should facilitate the
family members. Therefore, a substrate-based inhibitor thatdevelopment of small compounds that will be useful not only
interacts not only with the catalytic site (e.g., R76) but also as novel anti-cancer drugs but also for revealing the roles of
with the unique residue(s) surrounding it (e.g., K238) is Wipl in regulating cellular functions.
essential for the development of a specific inhibitor of Wip1.
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