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ABSTRACT: The wild-type p53-induced phosphatase Wipl (P®2CPPM1D) is a member of the protein
phosphatase 2C (PP2C) family and controls cell cycle checkpoints in response to DNA damage. p38
MAPK and ATM were identified as physiological substrates of Wip1, and we previously reported a substrate
motif that was defined using variants of the p38(180pT 182pY) diphosphorylated peptide, TDDEMpT-
GpYVAT. However, the substrate recognition motifs for Wip1 have not been fully defined as the sequences
surrounding the targeted residues in ATM and p38 MAPK appear to be unrelated. Using a recombinant
human Wip1 catalytic domain (rWip1), in this study we measured the kinetic parameters for variants of
the ATM(1981pS) phosphopeptide, AFEEGpSQSTTI. We found that rWipl dephosphorylates phospho-
serine and phosphothreonine in the p(S/T)Q motif, which is an essential requirement for substrate
recognition. In addition, acidic, hydrophobic, or aromatic amino acids surrounding the p(S/T)Q sequence
have a positive influence, while basic amino acids have a negative influence on substrate dephosphorylation.
The kinetic constants allow discrimination between true substrates and nonsubstrates of Wipl, and we
identified several new putative substrates that include HDM2, SMC1A, ATR, and Wip1 itself. A three-
dimensional molecular model of Wipl with a bound substrate peptide and site-directed mutagenesis
analyses suggested that the important residues for ATM(1981pS) substrate recognition are similar but not
identical to those for the p38(180pT 182pY) substrate. Results from this study should be useful for predicting
new physiological substrates that may be regulated by Wip1 and for developing selective anticancer drugs.

The wild-type p53-induced phosphatase WigPP2& adenocarcinoma3(-6). In addition, the PPM1D gene
or PPM1D) is a member of the serine/threonine protein complements the oncogenBas Myc, andNeufor cellular
phosphatase 2C (PP2C) family, and its transcription is transformation of primary mouse embryo fibroblasis4),
induced by the p53 tumor suppressor after exposure of cellsindicating that Wip1 can function as an oncogene in several
to DNA damage-inducing agents such as ionizing radiation cancers. Disruption oPPM1D activates p53, plg«“a-
or UV light (1, 2). The Wipl protein is overexpressed pl9"RF, and/or the ataxia telangiectasia mutated (ATM)
and thePPM1Dgene is amplified in several human cancers pathways and suppresses tumorigenesis in several murine
such as breast cancer, neuroblastoma, and ovarian clear cethodels ¥, 8), suggesting that inhibition of Wip1's enzymatic
activity or PPM1D gene expression may be an effective
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understanding was obtained from the effort to develop a CACAGTTATTGCGCAGATTCCTTTTCTGGCAGTAG-
peptide inhibitor 11). Interestingly, replacing phosphothreo- 3 and 3-CTACTGCCAGAAAAGGAATCTGCGCAAT-
nine by phosphoserine results in a peptide whose activity is AACTGTGCTCCTTCT-3. An Fspl restriction enzyme site
also influenced by the intervening residue, but with a was created in the oligonucleotides (underlined) for easy
different residue-type dependency. For example, while in the screening of mutant clones. Following PCR, the product was
wild-type p38 MAPK and UNG2, pT(G/L)pY-containing  digested wittDpnl to eliminate the parental plasmid. Finally,
peptides are potent substrates, a pSGpY-containing analogué L of Dpnl-digested product was used for transformation
is inactive. However, substitution of glutamine for glycine into 20uL of DH5ca. Colonies were selected on ampicillin-
in the latter sequence, i.e.,, pSQpY, resurrects activity containing plates (10@g/mL), and mutants were screened
comparable to that of the wild-type, pTGpY-containing for the presence dfspl restriction sites. Plasmids containing
peptides. Although not dephosphorylated, the inactive ver- the designedFspl site were sequenced to confirm the
sions of the phosphoserine-containing peptides appear to stilimutation.

bind in the catalytice site of Wipl since they act as

con;petitiwhe (ijnhibri]totr)g. Un!ge the rF]’T)_(pY motif, which oy _puet (Novagen, Madison, WI) expressing Skp and
prefers a hydrophobic residue at the intervening position, pep (unpublished) proteins into BL21-star competent cells
sequencisbcontalnmg”pS(Ir/]V)pY Werle found to be the moﬁ[(lnvitrogen, Carlsbad, CA). Transformed colonies were
potent inhibitors. Finally, these results are consistent wit selected on ampicilli .

- picillin (10@g/mL) and chloramphenicol (15
the ﬂndmgs_ that the MKKl' MKK4, and MKK6 MAPK ug/mL) containing plates. Cells were grown (800 mL) to
kinases, which are activated through phosphorylation of the mid-log phase in Circle Grow (Q-Biogen, Irvine, CA) at
S)iXXt(Sé'I;z] mOt'L’ orr] ‘]Nlﬁl ar(i.ERliZthMerPPK/sé \\’(Vh'Ch ar€ 37°C pefore transfer to a 18 incubator. After incubation
activated through phosphorylation of the T(P/E)Y sequence, for approximately 15 min, cells were induced with 0.75 mM

are not physiological substrates of Wipl, in contrast to a isopropyl 1-thiog-p-galactopyranoside for 16 h. Cells were

previous report3). . ) harvested and used for purification as described previously
Analyses ofPPM1D null mice showed defects in repro- (10,

ductive organs, immune function, and cell cycle contt@)(

Mutant plasmid (D264A) was cotransformed with pA-

o : : . Peptide Synthesi®Peptides were synthesized by the solid-

indicating that Wipl may have several other physiological :

targets and regulates important biological functions in phase method W'Fh 9-f|uor_eny|methoxyce_lrbonyl (Fmoc)
chemistry as described previousiyf. To estimate peptide

response to DNA damage. In fact, recent studies have trati b A t GIV-T
reported that Wip1l also dephosphorylates phosphoserine jpconcentrations by Spectrometry, a ly-1yr sequence was

the pSQ sequences of p53 SerlF)( Chkl Ser34513) introduced at the C-terminus of peptides that did not contain
and ATM Ser1981 X4) and phosphothreonine in the F;TQ afo'f“a“C amino acids (Tyr_ or Trp) in their s_equencé-
sequence of Chk2 Thr68%, 16). These substrates confirm Am|nlo—(;l—phgsphono—ﬁ,ggmxorosb utan|0|c agdjﬂ?b) wac':sA
genetic studies indicating that Wip1 may control cell cycle coupled as | moc-Pab- ( naspec Inc., an . 0se, % )-
checkpoints in response to DNA damage. The p(S/T)Q motif Cyclic peptides were synthesized as described previously
I 1 i 0
is quite different from the pTXpY sequence found in p38 (12). The_punty of the peptides was determined t"?t”‘?/“
MAPK and UNGZ2, suggesting that a different consensus by analytical reversed-phase high-performance liquid chro-
substrate motif for Wipl may be utilized. Because the Matography. The masses of peptides were confirmed by
multiple functions of Wip1 have not been fully elucidated matrix-assisted laser desorption ionization time-of-flight mass

identification of the physiological substrates and development SPECtrometry (Micromass, Beverly, MA).
of selective inhibitors should provide insight into the Phosphatase Assay?hosphatase activity was measured
mechanisms that regulate multiple pathways of cell growth. by a malachite green/molybdate-based assay as described
In this study, we characterized a second common Wip1 previously (0). Reactions were carried out in 50 mM T+is
substrate motif using its recombinant catalytic domain HCI, pH 7.5, 0.1 mM EGTA, 0.02% 2-mercaptoethanol, and
(residues £420 in human) and a series of ATM(1981pS)- 30 mM MgCk for 7 min at 30°C. The amount of phosphate
based phosphopeptides. Several new putative substrates wemeleased was calculated using a phosphate standard curve.
identified, and new peptide inhibitors of Wip1 were synthe- To determine the kinetic parametdfs, andk.., the initial
sized on the basis of the substrate specificity defined in this velocities ¢) were measured at various concentrations of
study. substrate peptide ([S]), and data were fitted to the Michaelis
Menten equation (eq 1).

v = Keaf SY(Kpy + [S]) 1)

EXPERIMENTAL PROCEDURES

Protein Expression and PurificationThe N-terminal
histidine-tagged, catalytic domain of human Wip1 (residues
1-420), rWip1, and the K238D and R110E mutants were  The IG5 values for inhibition of phosphatase activity by
expressed ifEscherichia coliBL21 (DE3) and purified as  the phosphopeptide inhibitors were measured using\30
reported 10). PP2Gx was purchased from Calbiochem (La ATM(1981pS) substrate peptide in 50 mM T+bICl, pH
Jolla, CA). 7.5,0.1 mM EGTA, 0.02% 2-mercaptoethanol, 40 mM NaCl,

A plasmid, pET23, containing the Wip1 catalytic domain @nd 30 mM MgCi for 7 min at 30°C. The phosphatase and
was used for construction of the mutant D264A using the Phosphopeptide inhibitors were preequilibrated atGdor
QuickChange protocol as described by the manufacturer® Min. The inhibition percentages were estimated by eq 2,
(Stratagene, La Jolla, CA). The sequences of the oligonucle- o
otides used for D264A were as follows!-AGAAGGAG- inhibition (%) = 100[1 — (A — Ag)/(Ap0 — AJ] (2)
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whereA andAqo are absorbance intensities at 630 nm with
and without the peptide inhibitor, respectively, akds the
absorbance of the sample without phosphatase. Thg IC

Yamaguchi et al.

Table 1: Kinetic Parameters for the Dephosphorylation of
ATM(1976—1986)(1981pS) Analogues by rWipl at pH 7.5
and 30°C?

values were estimated by a sigmoidal desesponse equa- KealKom
tion. The apparent inhibitory constar€; values were Km Keat (x 10°
estimated using eq &7), where [S] is the concentration of substrate sequerite (M) (s  MTsT
the substrate peptide amd, is the Michaelis constant. wild-type AFEEGPSQSTTI 3%2 294+0.1 94
F1977A AAEEGPSQSTTI 445 3.0+0.1 73
_ E1978A AFAEGPSQSTTI 441 24+0.02 55
Ki = 1Cs¢/(1 + [SI/Kp) 3) E1979A AFEAGPSQSTTI 654 25+0.1 38
G1980A AFERAPSQSTTI  34+4 26+0.1 77
Molecular Modeling and Computational Dockingtomic- 8113883%: ﬁigggpggﬂ ND ND ND
i . ; pS@ATTI 23+2 3.0+0.1 130
scale, Computer modellng of the interaction of ATM(1981pS) T1984A AFEEGpPSQ&TI 25+2 294+0.1 116
and Wipl was performed in a manner analogous to that of T1985A AFEEGpPSQSAl 26+2 3.0£0.1 115
our previous studiesl(, 11). The three-dimensional model  11986A AFEEGpSQSTA 28+2 3.1+0.1 111
of the catalytic site of Wipl was the same as previously Qlfggé'l\‘ AFEEGpESTT| ~ ND ND ND
. ; pT  AFEE@TQSTTI 9+2 0.84+0.03 89
described, which was developed from the crystal structure g197g/1979A ARAGPSQSTTI 913  1.9+003 21
of human PP2@& (18). The three-dimensional model of the E1978/1979D ABDGpSQSTTI 28:1 2.8+0.1 100
ATM(1981pS) peptide (AFEEGpSQSTTI) was created and E1978/1979K AKK GpSQSTTI  ND ND ND
energy minimized with the CHARMM software package S1983V AFEEGPSQTTI 2241 304003 136
. . X X 51983| AFEEGPSQITI  22+1 3.1+0.04 141
(19). Docking of the peptide to the protein was simulated gjg9g3; AFEEGPSQTTI 21+1 33+01 157
and analyzed with the interlocked Autodock30) and $1983D AFEEGPSQTTI 17+1 28+0.1 165
AutoDockTools R1) software packages. While the side S1983E AFEEGPSRTTI  26+0.4 28+001 108
chains of the Wipl structure were static, all non-amide, S1983K AFEEGpSE@TTI 214+41 3.0+04 14
. . ' S1983P AFEEGPSETTI 57+5 25401 44
single-bond dihedral angles of the ATM phosphopeptide gjgg3r AFEEGPSBITI 21+2 27+01 129
were allowed to rotate. A square search grid of 33.75 A edge s19s83Y AFEEGPS®TTI 37+3 4.1+0.1 111
length (0.375 A/point resolution) was used, arbitrarily S1983pY AFEEGPS@YTTI 20+1 3.94+0.1 195

centered over the active site of Wip1. Over 440 individual

docking simulations were conducted, starting with randomly
selected dihedral angles and positions in the grid for the ATM
peptide. The Larmarckian genetic algorithm was employed,
with a population size of 150 and a maximum number of

generations of 1500. Default values were used for all other
algorithmic parameters.

RESULTS

Determination of a New Optimal Substrate Motif of the
Human Wip1 Catalytic Domain (rWip1lt.was reported that
Wip1 dephosphorylates ATM Ser1981 in vitro and in vivo,
a site critical for ATM activation, and modulates ATM-
dependent signaling pathways4]. To assess the effect of
individual side chains surrounding the pSQ sequence, we
first measured the kinetic parameters for variants of the
ATM(1976—1986)(1981pS) phosphopeptide, AFEEGPSQST-
Tl, in which individual residues were substituted with Ala
(Table 1). In this experiment, we used the catalytic domain
of human Wipl (rWipl), which has phosphatase activity
comparable to that of full-length Wip11Q). The largest
effects were seen in the peptides with Ala or Asn substituted
at position+1 for GIn (Q1982A or Q1982N); these peptides
were not dephosphorylated by rwip1 (Table 1). Peptides with
Ala substituted for Glu at positiorr3 or —2 (E1978A and
E1979A) were poorer substrates for rWipl than the wild-
type peptide, while other Ala-substituted peptides, except for
the S1983A peptide, showedd./Kn, similar to that of the
wild-type peptide. A phosphopeptide with Ala substituted
for Ser at positiont-2 (S1983A) showed a 1.4-fold decrease
in Ky, but had the samk;,; as the wild-type peptide. From
these results, we conclude that GIn in the pSQ sequence
the acidic residues at positions3 and—2, and the residue
at position+2 in the ATM(1981pS) peptide are important
for substrate recognition by rwipl.

aValues represent averages from&independent experiments. ND
= not determined due to undetectable dephosphorylatiSnbstituted
amino acids are indicated in bold.

Recently we reported that, for the case of the diphospho-
rylated peptides, substituting phosphoserine for phospho-
threonine results in either a substrate or an inhibitor
depending on the type of intervening residue. Specifically,
a pSQpY-containing peptide is a good substrate, and pS(l/
V)pY-containing peptides are good inhibitofsl). Therefore,
we sought to know the effect of substituting phosphothreo-
nine for phosphoserine in the monophosphorylated, ATM-
type motif. Interestingly, the pS1981pT peptide also acted
as a substrate for rWipl, withka./Km, similar to that of the
wild-type peptide (Table 1). Thus, rWipl also dephospho-
rylates phosphothreonine in the pTQ motif.

Because each of the Glu residues at positieBsand—2
in the ATM peptide have an influence on substrate recogni-
tion by rWipl (Table 1), we next tested doubly substituted
ATM peptides at these positions (Table 1). A di-Ala-
substituted peptide (E1978/1979A) had a highkgr and
lower k., compared to those of the wild-type peptide or
mono-Ala-substituted peptides (E1978A or E1979A), indi-
cating that the E1978/1979A peptide is a poor substrate. A
di-Asp-substituted peptide (E1978/1979D) shovigdand
keat Values similar to those of the wild-type peptide. In
contrast, a di-Lys-substituted peptide (E1978/1979K) was not
dephosphorylated by rWipl. These results indicate that the
acidic residues at both positions3 and—2 in the ATM
peptide have a positive influence on substrate recognition
through an electrostatic interaction with basic residue(s) in
the catalytic site of rwipl.

To gain more information about the substrate specificity
of rWipl, several substituted ATM peptides at positib@
were analyzed (Table 1). Like the Ala-substituted peptide
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Table 2: Kinetic Parameters for the Dephosphorylation of p(S/T)Q-SequenceXplYpSequence-Containing Phosphopeptides by rWipl at
pH 7.5 and 3C°C?

Km kcat kcal/Km
substrate sequertce (um) (s (x 18Mts™h

model substrate AADDASQLAAY 22 +1 3.5+0.1 159
p53(15pS) VEPPRSQETFS 13+ 1 1.8+ 0.04 138
p53(1-39)(15pS) —VEPPLPpSQETFS-¢ 11+1 17401 155
Chk1(345pS) QGISFSQPTCPD 52+ 4 1.3+0.1 25
Chk2(68pT) LETVRTQELYS 5.3+ 1 1.240.02 226
H2A.X(139pS) KATQAPSQEY 62+ 6 3.0+£0.1 48
Rad17(645pS) SELPESQPQPF 85t 14 1.6+£0.2 19
Nbs1(343pS) PGPSISQGVSV 401+ 174 2.1+0.7 5
HDM2(395pS) ESEDYSQPSTS 23t 1 1.4+ 0.02 61
SMC1A(957pS) QEEGSSQGEDS 27+ 1 2.7+£0.1 100
ATR(1876pS) SPGDSSQEDSL 20+ 2 3.9+0.1 195
Wip1(25pT) YMEDVpTQIVVE 54+1.3 0.4+ 0.01 74
Wip1(46pS) RRShSQPLPPY ND ND ND
Wip1(214pT) AVEVPTQDHKPY 2542 1.440.04 56
Wip1(280pS) GDLVWSYDFFS ND ND ND
p38(180pT 182pY) TDDEMTGpYVAT 31+3 2.0+0.1 64
p38(180pT) TDDEMTGYVAT 84 + 34 1.0+ 0.2 12
p38(pTQpY) TDDEMTQpYVAT 8+2 0.5+ 0.02 63

aValues represent averages from&independent experiments. NBnot determined due to undetectable dephosphorylatiBhosphorylated
amino acids are indicated in bol@lFirst 39 residues of human p53 (MEEPQSDPSVEPBRETFSDLWKLLPENNVLSPLPSQA).

(S1983A), hydrophobic amino acid-substituted peptides were poor substrates for rWipl because these peptides have
(S1983V, S1983l, and S1983L) exhibited highes/Km only one or completely lack acidic residues surrounding their
values than the wild-type peptide. Acidic amino acids (Asp pSQ sequences. These results show that the new substrate
and Glu), aromatic amino acids (Phe and Tyr), or phospho- specificity can identify known physiological substrates of
tyrosine-substituted peptides also showed enhancement ofVipl. Although Chkl Ser345 has been reported as a
the keafKm values. In contrasté../Kn values for Lys- and physiological substrate for Wip118), because it has no
Pro-substituted peptides decreased by 6.7- and 2.1-fold,acidic residues surrounding Ser345, the Chk1(345pS) peptide
respectively. The Lys-substituted peptide exhibited an es-was found to be a poor substrate compared to the ATM-
pecially significant increase &, although thek., for this (1981pS), p53(15pS), and Chk2(68pT) peptides. From these
peptide was very similar to that of other substituted peptides. results, we can define %-X_z-X_>-X_1-p(S/T)Q-X2-X 43
These data indicated that the substitution at positi¢h as the new substrate motif of rWipl, where forXX_s,
affects the substrate’s affinity for rWipl, as judged by the and X_, acidic amino acids are preferred. Theyposition
Km values. can be occupied by any amino acid except basic amino acids
From the ATM(1981pS) peptide substitution analysis, we or Pro, whereas the X and X3 positions can accept any
were able to define the motif (D/E)-(D/E)-X%-p(S/T)-Q- amino acid.
X4 as important for substrate recognition by rWipl, where Identification of Putatie Substrates of rWiplBecause
X-; and X, denote any amino acid and any amino acid the ATM and ATM/Rad3-related (ATR) kinases phospho-
except basic amino acids and Pro, respectively. On the basigylate physiological substrates of Wip1, we used the SCAN-
of the above results, we synthesized a model peptide,SITE genomic search prograr2d) to find potential addi-
AADDApPSQLAAY, and measured its kinetic parameters. tional putative substrates; among these potential new targets
As expected, this peptide was a good substrate for rwipl were MDM2, SMC1A, ATR, and Wipl1 itself, each of which
(Table 2) and exhibited k../Kn similar to that of the ATM is involved in cell cycle regulation. Human MDM2 (HDM2)
peptide, AEEGpSQLTTI, as seen in Table 1. is an E3 ligase that controls p53 function through its
Several proteins have been identified that appear to bedegradation Z3). SMC1A is involved in chromosome
substrates of Wipl. Therefore, we analyzed the kinetic cohesion during the cell cycle and in DNA rep&d). ATR,
parameters for p(S/T)Q peptides that contained the sequencelike ATM, is a member of the phosphatidylinositol 3-kinase-
of reported physiological substrates such as p53 Serl5, Chklrelated protein kinase (PIKK) family and regulates cell cycle
Ser345, and Chk2 Thr68L8, 15, 16) and nonsubstrates, checkpoints in response to DNA damads)( We then
H2A.X Ser139, Rad17 Ser645, and Nbs1 Ser38.(The evaluated the ability of rWip1 to dephosphorylate the p(S/
p53(15pS) and Chk2(68pT) peptides having acidic residuesT)Q substrate peptide sequences from these potential sub-
before and after their p(S/T)Q sequences were dephosphostrates.
rylated by rWipl and showed highkg/K values than the The residues of HDM2, Ser395, and SMC1A, Ser957, are
ATM(1981pS) peptide (Table 2). The result for the p53- known as ATM or ATR phosphorylation sites, and these
(15pS) peptide also revealed that a Pro residue before thephosphorylations are important for regulating cell cycle
pSQ sequence does not affect substrate dephosphorylationcheckpoints and DNA repair in response to DNA damage
Moreover, a longer chain length of p53{39)(15pS) com- (25). As shown in Table 2, both the HDM2(395pS) and
pared to p53(1620)(15pS) did not influence substrate SMC1A(957pS) peptides, which have acidic residues before
recognition (Table 2), indicating that rWipl recognizes a and/or after their pSQ sequences, were better substrates for
narrow region around the pSQ sequence. In contrast, therWipl than nonsubstrate peptides such as H2A.X(pS139),
H2A.X(139pS), Rad17(645pS), and Nbs1(343pS) peptides Rad(pS645), or Nbs1(pS343). Because the HDM2(395pS)
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ATM(1981pS)
ATM(S1983E)
ATM(S1983K)
p53(15pS)
H2A.X(139pS)
Chk1(345pS)
Nbs1(343pS)

[] R110E

0 0.5 1.0 1.5 20

Relative activity (k../K,)

Ficure 1: Substrate recognition of Wip1l. Molecular model from docking simulations of Wip1 complexed with the ATM(1981pS) peptide
(AFEEGpPSQSTTI) (A) and the p38(180pT 182pY) peptide (DEMpTGpYVA) (B). Residues outside the active site are gray. The two
magnesium ions are colored magenta. (C) Substrate preference of the K238D (hatched box) and R110E (open box) mutants. The results are
presented ak../{Kn, relative to that of the ATM(1981pS) wild-type (filled box) substrate peptide. The graph shows thedms&tandard

error for at least three experiments. All assays were performed &€ 2hd pH 7.5.

peptide has Pro at positioh2, thek../Kn, is lower than that simulations resulted in 440 structures with docking energies
of the ATM(1981pS) peptide, but it was similar to that of ranging from—19.9 to—2.0 kcal/mol. Sorting these into 10
the p38(180pT 182pY) peptide. The search program alsoequally spaced bins spanning the energy range (i.e., the
identified ATR Ser1876 as a potential site of phosphorylation frequency distribution of energies) resulted in four structures
by the PIKK family members. This site was previously in the lowest energy category. For all of these, the phosphate
unknown; interestingly, the sequence surrounding Serl876group of the 1981pS residue was located in the position of
has acidic residues without any basic residues. As expectedthe catalytic site analogous to that of the free,;P@roup
the ATR(1876pS) peptide was rapidly dephosphorylated by in the PP2@. crystal structure X8), as required for phos-
rwWipl (Table 2). We also found that the Wip1(25pT) and phatase activity 246). This is likely due to the strong
Wipl(214pT) peptides but not the Wip1(46pS) and Wipl- electrostatic interaction between the phosphate gre@e)
(280pS) peptides were substrates, although neither Thr25 noof the peptide and the dual-Mg-ligand complex and
Thr214 has been identified as an in vivo phosphorylation conserved R76 residue (1e) (R33 in PleQCore of the
site. catalytic site 18). Of these four, two of the lowest energy
p(S/T)Q Substrate Recognition by Wigbmputer docking conformations shared the additional feature of the peptide
simulation studies were conducted to identify the energeti- Q1982 residue forming a stabilizing, hydrogen bond interac-
cally favorable interactions responsible for binding of the tion with the D264 residue of Wip1. This is demonstrated
p(S/T)Q motif-containing peptides to Wipl. The ATM- in Figure 1A, which for clarity illustrates only one of these
(1981pS) peptide (AFEEGpSQSTTI) was again used as thetwo peptides. All four of the lowest energy peptides have
representative of this motif, since this was the subject of our additional, stabilizing interactions at both the N- and C-
kinetic studies of systematic mutations (Table 1), which terminals. However, these differ for each due to conforma-
provided data on the influences of the adjacent residues. Thetional variation at the ends. For the structure in the figure,
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these extra interac_tions include salt bridges/hy_drogen boNndsr e 3: Kinetic Parameters for the Dephosphorylation of
between the peptide E1978 and E1979 residues and therhosphopeptides by PPaGit pH 7.5 and 30C2

conserved R76 residue of Wipl, a hydrogen bond between K., Ko ra
the peptide S1983 and the conserved K218 and/or K238 of substrate (M) s (1°M1s57)
Wipl, and a hydrogen bond with the backbone carbonyl .
oxygen and/or side chain of the peptide T1984 and the K238 ng(rl%eopg igzpy) 13?;:1% ‘Z"_Si 8:g4 33
of Wip1. Three of the four lowest energy peptides share the ATM(1981pS) ND ND ND
orientation shown in Figure 1A, with the N-terminus on the  P53(15pS) ND ND ND
top and the C—term_inqs on the bot_tqm. As seen in I_:igure gﬁﬁ‘i)((?&ggg)s) ';'\I% ’;'\IDD ';'\IDD
1B, this mode of binding is very similar to that predicted  chiko(s8pT) 28957 4.0+ 05 14
for the diphosphorylated p38(180pT 182pY) peptidé)( Rad17(645pS) ND ND ND
However, the remaining ATM(1981pS) peptide had the Nbs1(343pS) ND ND ND
reverse orientation, with the N-terminus on the bottom. In HPM2(395pS) ND ND ND

. . ., SMC1A(957pS) ND ND ND
this case, the negatively charged E1978 and E1979 peptide oTr(1876ps) ND ND ND
residues interacted with the positively charged K238 and ATM(pS1981pT) 411138 7.8+2.2 19
K218 residues of Wip1, respectively (not shown). aValues represent averages from triplicate experiments=Nibt

Roles of Lysine 238 and Aspartic Acid 264 for p(S/T)Q determined due to undetectable dephosphorylai®&RApPTVA.
Substrate Recognitioif.o better define the roles of residues
K238 and D264 in p(S/T)Q substrate recognition, the kinetic has a pSQpY sequence, was a better substrate than the
parameters for rWipl single amino acid mutants were monophosphorylated ATM(S1983Y) peptide, which has a
measured. K238 was changed to Asp, as was done previouslpSQY sequence (Table 1). However, in this case the
(10), and D264 was changed to Ala. We also tested the R110difference ink.a/Kn, was only 1.7-fold. This may reflect that
mutant (R110E), which could potentially interact with the the ATM peptide/rWipl complex is more stabilized by the
negatively charged, acidic residues at the N-terminus of the interaction of the Q at the-1 position (which was present
peptide. However, similar to the p38(180pT 182pY) peptide in both mono- and diphosphorylated peptides) than the
(10), rWip1(R110E) showed a similar p(S/T)Q substrate interaction of the substituted phosphotyrosine.
preference compared to wild-type rWipl (Figure 1C) (see  We next tested the two classes of substrates with the
the Suporting Information for the full list of kinetics rWip1(D264A) mutant. For the ATM(1981pS) peptide, the
parameters of the rWipl mutants). In contrast, the H2A.X- substitution led to a decreasek/Km from 94 x 10° (Table
(139pS) peptide was a slightly better substrate for the R110E1) to 15 x 10®° M~! s1, a greater than 6-fold change.
mutant than for wild-type rWipl, suggesting that Lys at Interestingly, the p38 peptide, with the pTGpY motif, also
position—5 in the H2A.X(139pS) sequence may interact with experienced a decreasekin/Kn,: from 64 x 10° (Table 2)
the Glu in mutant rwip1(R110E). These results support the to 16 x 10®* M~! s7%, a 4-fold change. That the decrease
binding orientation shown in Figure 1A, where the E1978 was larger for the ATM peptide indicates that the D264
and E1979 residues in the ATM sequence (at motif positions residue of Wip1 plays a larger role than it does for the p38
—3 and—2) are too far to interact with R110, but the Lys peptide. To further examine how the binding of the ATM
residue in the H2A.X(139pS) sequence (at motif position and p38 peptides might be related, we compared the kinetics
—b5) is too far from the active site to be able to make a of native (pTGpY) and mutant (pTQpY) p38 peptides with
physical contact. that of wild-type rWipl. As seen in Table 2, the glutamine

rWip1(K238D) showed decreaség,/Kn, values for the substitution leads to an increase in the binding affinity, with
p53(15pS) and ATM(S1983E) peptides, which have Glu at an approximate 4-fold decrease in ti&g,. Suprisingly,
position +2, compared with that of the wild-type ATM-  though, thek.y also decreased by 4-fold, resulting in an
(1981pS) peptide, which has Ser at that position (Figure 1C). unchanged../Kn value.

In contrast, the ATM(S1983K) peptide, having Lys at Comparison of rWipl to PP2€with Regard to Peptide
position+2, was a better substrate for rwip1(K238D). The Substrate Preferencdoth Wipl and PP2& dephospho-

Km for the ATM(S1983K) peptide (22 1 «M) is 10-fold rylate the phosphothreonine of the pTGpY sequence from
lower than that with wild-type rWipl (214 41uM in Table the p38 MAPK protein or its peptide in vivo and in vitrg,

1), while thekg values with the K238D mutant and wild 10, 27); however, kinetic studies showed that diphosphory-
type are similar: 3.6 0.1 and 3.0+ 0.4 s'1, respectively. lated peptides with the pTGpY sequence are better substrates
As for wild-type rWipl, the H2A.X(139pS), Chk1(345pS), for Wip1 than monophosphorylated peptides, while P&2C
and Nbs1(343pS) peptides, which do not contain chargedprefers monophosphorylated peptides with pTGY or RXpT
residues surrounding their pSQ sequences, were poor subsequences10). These results indicate that the optimal
strates for rWip1(K238D). These results indicate that K238 substrate motif of PP2€C differs from that of Wip1. Since,
interacts with the residue at positioh2 in the p(S/T)Q in addition to K238, PP2& lacks a residue analogous to
peptides, as suggested by the docking model. the D264 in Wipl (see the sequence alignment inli@f

Because K238 interacts with both the ATM(1981pS) and we measured the kinetic parameters for the p(S/T)Q peptides
p38(180pT 182pY) peptides, we next remeasured the kineticwith PP2Gx. The pThr peptide (RRApTVA) was used as a
parameters for p38 peptides with wild-type rWipl (Table positive control substrat®8). As reported previouslyl(),

2). As shown previouslyl(), thek./Kn, for the diphospho-  PP2Qx dephosphorylated the p38(180pT 182pY) diphos-
rylated p38(180pT 182pY) peptide was 5.3-fold higher than phorylated peptide and the monophosphorylated pThr peptide
that of the monophosphorylated p38(180pT) peptide. Like- (Table 3). However, all tested pSQ peptides including the
wise, the diphosphorylated ATM(S1983pY) peptide, which ATM(1981pS) peptide and the putative substrates of rWipl
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(HDM2 Ser395, SMC1A Ser957, and ATR Serl1876) were than that obtained for the Ac-VEPPLPabQpY TFS-NH,

not dephosphorylated by PP&CIn contrast, the pTQ linear peptide, indicating that further optimization is required
peptides including the ATM(pS1981pT) peptide were de- to achieve the same degree of inhibition previously achieved
phosphorylated by PP2Cbut they were very poor substrates for the c(MpSlpYVAC) peptide 11).

compared with the p38(180pT 182pY) peptide. These results

suggest that the substrate preferences of RP2@l rWipl DISCUSSION

are different and that PP2Chas a preference for phospho-
threonine-containing substrates.

Peptide Inhibitor Based on the p(S/T)Q Peptide
uncover an inhibitor of Wip1 that could be generally used
as a therapeutic drug, we next synthesized peptide analogue
using the p(S/T)Q peptide sequence. We previously identified
a selective cyclic phosphopeptide inhibitor, c(MpSIpYVAC),
of the catalytic site of Wip1 based on the p38(180pT 182pY)
diphosphorylated sequencELl. As seen by comparing parts
A and B of Figure 1, the predicted binding mode of the p(S/
T)Q peptide with the catalytic site of Wip1 is similar to that
of the p38(180pT 182pY) peptide. Therefore, peptide inhibi-

Substrates of Wiplldentification of the physiological
substrates of Wipl is important to understand its biological
mechanisms. Recent studies have reported that Wipl de-
ghosphorylates phosphoserine or phosphothreonine in the
P(S/T)Q sequences of p53 Serl5, Chkl Ser345, ATM
Ser1981, and Chk2 Thr68%-16), suggesting that Wip1l
may have an important role in controlling cell cycle
checkpoints in response to DNA damage. Although p38
MAPK and UNG2, which both have the pTXpY sequence,
were initially found to be physiological substrat@s9), other
Wip1l substrate proteins with the pTXpY sequence have not

tors based on the p(S/T)Q substrate sequence might also Worl?een reported. This suggests that Wip1 may dephosphorylate

to bind the catalytic site of Wip1 and inhibit its phosphatase mainly substrates with the p(SIT)Q sequenee. .
activity. It appears that the p(S/T)Q sequence is quite different from

To test this possibility, we synthesized two phosphoserine the pTXpY sequence. To characterize the substrate specificity

mimetic-containing peptides, Ac-VEPPLEPabQETFY-NH, of Wipl, we measured the kinetic parameters of the p(S/

and Ac-VEPPIE,PabQpY TFS-NH, based on the p53(15pS) mQ .pept_ides that contained the sequences of reported
sequence.-2-Amino-4-phosphono-4,4-difluorobutanoic acid physiological substrates or nonsubstrates. We found that GIn

(F,Pab), which has a chemical structure similar to that of atPosition+1inthe p(S/T)Q sequence is an essential residue
phosphoserinel(l, 29), was introduced as a nonhydrolyzable for substrate recognition by rWip1 (Table 1) and that acidic

phosphoserine mimetic. T values for inhibition of rwip1 ~ 'esidues surrounding the p(S/T)Q sequence have a positive
were measured at a constant concentration of the ATM- influence, while basic residues have a negative influence
(1981pS) peptide as a substrate as described in the Experi(Table 1). From these results, we were able to discriminate
mental Procedures. To compare with the previous results, Petween physiological substrates and nonsubstrates of Wip1.

the p38 substrate-derived, cyclic peptide c(MpSIpYVAC) In addition, we identified several putative substrates for Wip1l
was found to have &; of 1.2+ 0.1 M. This is similar to that include SMC1A Ser957, HDM2 Ser395, and ATR

the K; value of 0.9+ 0.1xM obtained when the p38(180pT ~ S€rl876. ATM phosphorylates Ser957 of SMC1A, and

182pY) peptide was used as the substrat. (This suggests interference with this phosphorylation abrogates the S-phase
that both the p(S/T)Q and pTXpY motif-containing peptides CNeckpoint 80, 31). ATM also phosphorylates Ser395 of
are recognized by the same catalytic site of rwipl. Bath F  HDM2 in response to DNA damag@3). Phosphorylated
Pab peptides were found to inhibit the activity of rwip1, HDM2 is less capable of promoting the nucleocytoplasmic
although their activities were weaker than that of c(Mp- Shuttling of p53 and its subsequent degradation, thereby
SIpYVAC). The estimatedk; of 70 = 9 uM for Ac- enabling p53 accumulatior3®). In adqmon to SMC1A
VEPPLFzPaprYTFS-NHz is neatly 50% better than the Ser957 and HDM2 Ser395, PIKK famlly members such as
135 + 13#M obtained for AC'VEPPEzpa[XDETFY'NHz, ATM or ATR phOSphorylate the sequences of p53 Serl5,
suggesting that the phosphotyrosine in the first peptide €Nkl Ser345, Chk2 Thr68, and ATM Ser19&b). More-
inhibitor interacted more strongly with K238 in rwipl than ©OVer, an optimal substrate motif for ATM kinase activity,
the Glu residue of the latter. This result is consistent with identified by a peptide library approacd), is very similar

the kinetic results showing that the ATM(S1983pY) peptide 0 Our rWipl substrate motif, suggesting that Wipl may
was dephosphorylated 1.8-fold more rapidly than the ATM- control the biological functions of substrates ef PIKK family
(S1983E) peptide (Table 1) and is possibly due to the greater,members or PIKK members themselves which are engaged
negative charge of the phosphate grou2¢) compared to I Several pathways.

the Glu residue<1e). In addition, the rWip1(K238D) mutant The SCANSITE program indicated that ATR Ser1876 is
and PP2@, which also lacks a positively charged residue @ potential site phosphorylated by PIKK family members.
at the position analogous to K238 in wild-type Wip1, were The PIKK family contains a conserved C-terminal FAT
not inhibited by Ac-VEPPE,PabQpYTFS-NH,. We also domain @4). Like ATM Ser1981, which is a site autophos-
analyzed the inhibitory activities of,Pab-containing linear ~ phorylated by ATM itself and dephosphorylated by Wipl
peptides that do not contain negative charges at positiyn ~~ (14), ATR Ser1876 is also within the FAT domain. In
Ac-AFEEGF,PabQSTTI and Ac-AADDAF,PabQLAAY- addition, putative substrates for Wip1l may help researchers
NH,, based on the ATM(1981pS) and model substrate to identify additional pathways modulated by Wip1.
sequences, respectively. As expected, these peptides showed Substrate Recognition by WipAs has been commented
very poor inhibitory activities i > 20QuM). We next previously @5), the catalytic site of the PP2C family is
synthesized a cyclic peptide, dfkPabQpYTYC), based on relatively open and exposed compared to those of other
the published cyclic peptide inhibitor c(MpSIpYVAC)YD). phosphatase families. This is consistent with our discovery
However, the estimate; of 93 + 14 uM was slightly lower of at least two distinct substrate motifs for Wip1. Obviously,
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for the catalytic activity to occur, all substrates must bind similar positions for the negatively charged residues of the
so that the targeted phosphate group of phosphoserine o ATM and p38 peptides are indicated by similar effects due
phosphothreonine is positioned near the metal/ligand core,to charge-altering sequence changes (see Table 1 ah@)ref
presumably according to the mechanism described by For example, for the ATM substrate, double substitutions to
Jackson et al.26). The picture that has emerged from this nonpolar, Ala residues resulted in a 5-fold reduction in the
and our previous studie&@ 11) is that the two motifs result  k./Km value, while changes to positively charged Lys
from divergent mechanisms for stabilizing the binding of residues resulted in complete elimination of observable
the substrate in catalytically permissive conformations in the activity. According to the docking models (Figure 1A,B),
active site. While both the p38 MAPK and ATM-type these effects would be due to the progressive loss of
substrate motifs employ negatively charged residues N- electrostatic attraction and then repulsion with the conserved,
terminal to where the phosphorylated target resides, theypositively charged R76 residue at the Wipl active site.
differ on the C-terminal side. As we demonstrated previously Likewise, at the C-terminal, similar bound positions for the
(10), the main secondary interaction for the p38-type two substrates are indicated by the similar effects of
substrates with the pTXpY motif is between the negatively mutations at the-1 and+2 motif positions. As seen in Table
charged phosphate group of phosphotyrosin2g) and the 1 for the+2 position of the ATM substrate, substitution of
K238 and K218 residues of Wipl (1e each). These interac- the wild-type S1983 to negatively charged Asp, Glu, or
tions originally were predicted by docking simulations and phosphotyrosine residues (making the sequence more like
then confirmed by kinetic studies with single point mutations that of the p38, pTXpY motif) all resulted in enhanced
in both the substrate and the enzyme. In contrast, the ATM- binding affinity and phosphatase activity, while the change
type substrates with the p(S/T)Q motif lack a second to positively charged Lys resulted in significant loss of
phosphorylated residue and thus must utilize an alternativeaffinity. As previously demonstrated for the p38 substrate
means for binding C-terminal to the phosphorylated residue. (10, 11), that these negatively charged substitutions at the
As demonstrated here, docking simulations pointed to a +2 position are interacting with the K238 of Wipl is
possible hydrogen bond interaction between the substrate’sindicated in Figure 1C. Specifically, the K238D mutation in
GIn at position+1 and the D264 residue of Wipl (Figure Wipl resulted in the reverse effects of reduced activity for
1A). The importance of the GIn is shown in Table 1, where the ATM(S1983E) mutant peptide and enhanced activity for
the Q1982A and Q1982N point mutations in the ATM the ATM(S1983K) mutant. Likewise, that thel residues
peptide both eliminated observable enzymatic activity. Of of the bound ATM and p38 peptides are also in the same
the two, the latter, conservative mutation is especially location in the active site is indicated by a similar hybrid
informative because the change from GIn to Asn involves experiment shown in Table 2. In this case, changing the p38
only a relatively small reduction in the length of the side pTGpY sequence to pTQpY, making it more like the ATM
chain (by one methylene group). This suggests that the lengthmotif, resulted in an approximate 4-fold decrease inKhe
of the glutamine side chain is necessary for the carboxamidevalue, which indicates an increase in binding affinity. As
group to reach the interaction partner in the enzyme and/ordescribed above, this is the same role revealed for the
to provide the conformational flexibility for it to fit into an  glutamine in the ATM pSQ motif shown in Table 1. Finally,
occluded pocket. This is also consistent with our previous that the GIn residue at theé1 position of both motifs is
results that the diphosphorylated TDDEMpie-pYVAT interacting with the D264 of Wip1l is indicated both by the
(Nle = norleucine) 11) and Wip1(163pT) (EWPKpW T- docking simulations and by mutagenesis results. As seen in
GLPS) (data not shown) peptides, which have the same sideFigure 1A,B, having the pS/pT and tHe& residues anchored
chain length but lack the carboxamide group, acted as poorerat the catalytically active position and the K238 residue,
substrates than the corresponding peptides with glutaminerespectively, automatically positions the intervenird
at the+1 position. Likewise, the importance of the D264 residue proximal to D264. This is also supported by previous
residue of Wip1l for interaction with both classes of substrates studies showing that substituting a negatively charged residue
is indicated by the fact that the D264A mutation resulted in at the+1 position of both the ATM(1893pS) (i.e., NLD-
reducedk../Kn values for both the ATM(1981pS) and p38- SEpEHFFR) and p38 (i.e., TDDEMA3pYVAT) substrates
(180pT 182pY) peptides (see the Results). completely eliminated the catalytic activit,(11), which
What appears evident now is that substrates of the twowould be due to the resultant electrostatic repulsion. A further
sequence motifs actually bind to the catalytic site of Wip1l experiment to test this hypothesis would be to try these two
in similar orientations and positions, as seen by comparisonpeptides with a D264K mutant of rwWip1.
of the docked ATM and p38 peptide models (Figure 1A,B).  Additional information about the interacting residues in
The main difference is that the pSQ motif-containing the bound complexes comes from comparing the kinetic
substrates utilize the glutamine at thé position to form a results with those using the PP@@&oform. Similar to K238,
secondary, stabilizing interaction and the pTXpY motif- which plays a large role in determining the selectivity of
containing substrates utilize the phosphotyrosine atitBhe  Wip1l for the p38-type substrateR)j, the negatively charged
position. First, that the binding sites are the same is indicatedD264 residue is unique to Wipl among the PP2C family of
by the fact that the measured inhibition constant of the p38- phosphatases. That this determines the selectivity for the
derived, c(MpSIpYVAC) peptide was nearly the same when ATM-type substrates is supported by the fact that Pée2C
using either the native ATM (pSQ) or p38 (pTGpY) peptides was unable to significantly dephosphorylate any of the p(S/
as substrates. Further support comes from analyses of thél)Q-containing peptides tested as shown in Table 3. Fur-
effects of sequence changes in both the substrates andhermore, PP2&-catalyzed dephosphorylation of a p(S/T)Q-
enzyme, including forming hybrid versions of the two type substrate has not been reported in any other study of in
sequence motifs. At the N-terminal of the bound substrates, vitro or in vivo phosphatase activity to date. While these
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experimental results confirm the importance of the D264 and catalyze the dephosphorylation of peptides with the ATM-
K238 residues in determining substrate selectivity, it is type p(S/T)Q sequence motif and that the interaction with
difficult to fully explain the physical basis in terms of the Wipl is stabilized by interactions with the unique D264 and
current homology model of Wipl1. This, again, is because K238 residues. Thus, there is a great potential for developing
these residues are unique to the Wip1 isoform and do nothighly selective, low molecular weight inhibitors of Wip1l
suitable for in vivo biological testing and future drug
development.

have positions “confidently” defined by the PR2Crystal
structure template1@). This is more of a problem for

defining the location of D264, which is five residues from a
template position, than the K238 residue, which is only two SUPPORTING INFORMATION AVAILABLE

residues from a template positioriQj. Indeed, as we

described previouslyl(l), these residues are at the N- and
C-terminal ends of a 25-residue loop unique to Wipl tha
can easily fold over and contribute to the binding affinity of
a substrate in the catalytic site. Thus, more accurate modeling

Tables of kinetic parameters for the dephosphorylation of
t phosphopeptides by rWip1(K238D), rWip1(R110E), and
rwWip1l(D264A). This material is available free of charge via

the Internet at http://pubs.acs.org.

of the reactions of Wip1 awaits additional structural informa- REFERENCES

tion from X-ray crystallography and/or NMR analysis.

Inhibitors of Wip1.We previously demonstrated that the

catalytic site of Wipl is a good target for the development
of specific inhibitors based on the p38(180pT 182pY)
sequencel(l). Using the p53(15pS) sequence, we synthe-

sized an ERPab-substituted p53 peptide, Ac-VEPBLF

PabQpYTFS-NH, which inhibited rWipl phosphatase ac-

tivity with a K; of 70 uM. This inhibitory activity indicated

that not only the peptide with the pTXpY sequence but also
a peptide with the p(S/T)Q sequence can interact with the

catalytic site of Wip1l and inhibit its phosphatase activity.

TheK; value of the Ac-VEPPLEPabQpYTFS-NH peptide

was weaker than that of the cyclic peptide c(MpSIpYVAC)

previously reported1(1). Thinking that the lower activity

may be due to the conformational flexibility inherent with a
linear peptide, we attempted to rigidify it by forming a cyclic

analogue, i.e., c(LfPabQpYTYC). Unfortunately, unlike

with the previous casel(), this approach did not lead to

enhanced activity. To understand this result on a structural
level, we determined the solution structure of the cyclic

peptide ¢c(LRPabQpYTYC) by NMR methods and modeled

docking in the catalytic site of Wip1 (not shown). Consistent
with the kinetic studies, it was found that, unlike the linear
peptide (Figure 1A), the cyclic peptide cannot take advantage
simultaneously of the three main sites of interaction. That

is, for the specific rigid conformation of ¢c(l.LPabQpYTYC),

having the two phosphate groups interacting with the metal
center and K238 of Wip1 prevents the additional stabilizing

interaction of the peptide’s Gln with D264.

As described above, an additional factor that likely affects

the binding affinity of both the linear and cyclic peptides is

interaction with the 25-residue (23263) loop near the

catalytic site that is unique to the Wipl isoform. We
previously concludedi(l) that the enhanced binding affinity

of c(MpSIpYVAC) is likely due to a strongly specific,

hydrophobic and steric interaction of the lle residue and this
“catalytic site loop”. Needless to say, additional structural

information of the conformation of this loop in the catalytic
site of Wip1, by crystallography and/or NMR, would greatly

help to optimize the activity of the c(l.PabQpYTYC)
inhibitor by structure-based modeling approaches.

In conclusion, the results presented here and in our

previous studiesl, 11) firmly establish the unique substrate

selectivity of Wipl compared to the other members of the
PP2C family and indicate some of the specific residue
interactions responsible for this specificity. For example, it

was demonstrated here that PR2Goes not significantly
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