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Substrate Specificity of the Human Protein Phosphatase ?ip1'

Hiroshi Yamaguchf, Giuseppina Minopolf, Oleg N. DemidoV, Deb K. Chatterjeé&,Carl W. Andersot,
Stewart R. Durell; and Ettore Appella*

Laboratory of Cell Biology and Laboratory of Experimental and Computational Biology, National Cancer Institute, National
Institutes of Health, Bethesda, Maryland 20892, Protein Expression Laboratory, SAIC-Frederick, Inc., National Cancer Institute
at Frederick, Frederick, Maryland 21702, and Biology Department, Brookha\ational Laboratory, Upton, New York 11973

Receied Naember 2, 2004; Résed Manuscript Receed January 20, 2005

ABSTRACT. Wip1, thewild-type p53inducedphosphatase, selectively dephosphorylates a threonine residue
on p38 MAPK and mediates a negative feedback loop of the p38 MAPK-p53 signaling pathway. To
identify the substrate specificity of Wip1, we prepared a recombinant human Wip1l catalytic domain (rWipl)
and measured kinetic parameters for phosphopeptides containing the dephosphorylation sitesimdp38

in a new substrate, UNG2. rWipl showed properties that were comparable to those af BPR(-

length Wip1 in terms of affinity for Mg", insensitivity to okadaic acid, and threonine dephosphorylation.
The substrate specificity constakit/Km for a diphosphorylated peptide with a pTXpY sequence was
6—8-fold higher than that of a monophosphorylated peptide with a pTXY sequence, whiletRRa®@ed

a preference for monophosphorylated peptides. Although individual side chains before and after the pTXpY
sequence of the substrate did not have a significant effect on rwip1l activity, a chain length of at least five
residues, including the pTXpY sequence, was important for substrate recognition by rWipl. Moreover,
the X residue in the pTXpY sequence affected affinity for rwipl and correlated with selectivity for MAPKSs.
These findings suggest that substrate recognition by Wip1 is centered toward a very narrow region around
the pTXpY sequence. Three-dimension homology models of Wipl with bound substrate peptides were
constructed, and site-directed mutagenesis was performed to confirm the importance of specific residues

for substrate recognition. The results of our study should be useful for predicting new physiological
substrates and for designing specific Wipl inhibitors.

Protein phosphorylation plays a crucial role in the regula-

The PP2C family negatively regulates mitogen-activated

tion of many fundamental cellular processes, including the protein kinases (MAPK) that control cellular pathways for

cell cycle, metabolism, and signal transduction. Phosphory-

proliferation, differentiation, development of inflammatory

lation levels are controlled by the opposing actions of kinases 'esponse, and apoptosid).( MAPKs are activated by

and phosphatases. Protein phosphatase 2C (PR2GQ

phosphorylation of conserved threonine and tyrosine residues

member of the magnesium-dependent, serine/threonine proi" their pTXpY motifs by activated MAPK kinases (MAP-

tein phosphatase (PPM) familyt)( which is characterized
by dependence on Mg for activity and by insensitivity to
okadaic acid (OA), a potent inhibitor of PP1 or PP2A serine/
threonine protein phosphatasé&s §).
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KK). MAPKKSs, in turn, are activated by phosphorylation
of the conserved serine/threonine residues in their pSXXX-
(pS/pT) motifs by MAPKK kinases (MAPKKK). PP2€and
PP2@3, members of the PP2C family, directly dephospho-
rylate the serine/threonine residues of these motifs in p38
MAPK and in MKK3, MKK4, MKK6, and MKK7 MAP-
KKs to inactivate p38 and c-Jun N-terminal kinase (JNK)
regulated pathways involved in stress responsegd) (PP2C
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Wipl (PPM1D or PP2@) is a member of the PP2C family
and was identified as a wild-type p53-induced phosphatase
that accumulates after DNA damadel). Like other PP2C
family members, Wip1l specifically inactivates p38 MAPK
through dephosphorylation of threonine in its pTGpY
sequencel2). Phosphorylated p38 MAPK activates p53 to
cause cell cycle arrest and apoptosis in response to DNA
damage 13—15); thus, Wip1l mediates a feedback regulation
)Qf the p38 MAPK signaling pathway that negatively regulates
P53 function (2). We recently reported that Wip1l interacts
with a nuclear isoform of uracil DNA glycosylase (UNG2)
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and suppresses base excision repair through threoninewith PBS was added. After incubation with gentle agitation
dephosphorylation on its pTLpY sequendé)( We therefore at 4 °C for 1 h, the resin was transferred to a column and
suggested that this process of Wipl-mediated dephosphowashed with 5 mM imidazole in washing buffer (PBS, 500
rylation is part of a wider negative feedback regulation loop mM NaCl, 10% glycerol, 0.2% ethanol, 1 mM 2-mercap-
initiated by p53 16). Recent studies have shown that the toethanol). The N-terminal histidine-tagged rWip1 was eluted
gene for Wip1l,PPM1D, is amplified or overexpressed in by addition of five bed volumes of 150 mM imidazole in
several human tumor types and acts as an oncodeéfie ( washing buffer. The eluents were concentrated with a
20). We also showed that disruption ®PM1D activates Microcon YM-10 unit (Millipore, Bedford, MA) and dialyzed
not only p53 but also the pf¥§*2—p19PRF pathways through  against phosphatase buffer (50 mM Tris-HCI, pH 7.5, 0.1
p38 MAPK signaling 21). These studies suggest that mM EGTA, 0.02% 2-mercaptoethanol).
inhibition of the Wip1 gene or protein may be a good strategy  The point mutations of rWipl were generated by using
for treating certain types of cancezl( 22). the QuickChange protocol as described by the manufacturer
Studies using®PM1D null mice indicate that Wipl has (Stratagene, La Jolla, CA). The sequences of the oligonucle-
an important role in spermatogenesis, lymphoid cell function, otides used for K238Q were-&GACTTGGTGGGAGTG-
and cell cycle regulation2@). However, the only physi- TAATGAACCAGTCCGGAGTGAATCGTGTAGTTTG-
ological substrates identified to this point are p38 MAPK GAAACGAC-3 and 3-GTCGTTTCCAAACTACACGAT-
and UNG2. Understanding Wip1 substrate specificity should TCACTCCGGACTGGTTCATTACACTCCCACCAAGTCC-3
not only help to predict other physiological substrates but A BS[EI site was created in the oligonucleotides (underlined)
may also be useful in the design of specific inhibitors. In Without changing any amino acid for easy screening of

this study, we investigated the substrate specificity of Wipl mutant clones. The oligonucleotides used for the K238D
using its recombinant catalytic domain (residues420 in mutation were 5SGGACTTGGTGGGAGTGTAATGAAC-

human) and phosphopeptides that contained sites from p38 GATTCCGGAGTGAATCGTGTAGTTTGGAAACGAC-
MAPK and UNG?2 that Wip1 dephosphorylates. The kinetics 3" and 3-GTCGTTTCCAAACTACACGATTCACTCCG-

of these reactions were compared with computer simulationsGAATCGTTCATTACACTCCCACCAAGTCC-3 As before,

of docking of the same peptides to help to identify the unique &BS[EI site (underlined) was created in the resulting mutant
structural determinants that distinguish the substrate speci-clone. Mutant R110E was created by the same procedure

ficities of the PP2@ and Wip1 enzymes. using the following oligonucleotides:" &TTTTTCGCC-
GTGTGCGACGGCCATGGCGGGGAGGAGGCGGCA-
EXPERIMENTAL PROCEDURES CAGTTTGCCCGGGAGC-3and 3-GCTCCCGGGCAAA-

CTGTGCCGCCTCCTCCCCGCCATGGCCGTCGCACA-

Expression and Purification of the Human Wip1 Catalytic CGGCGAAAAAG-3. In this case a&cd site (underlined)
Domain (rWipl) and Its MutantShe wild-type Wipl cDNA  was introduced in the oligonucleotide without changing any
(bases +1250) was cloned into thBanHI—Notl sites of ~ amino acids. Following PCR, the PCR products were
the pET-23a vector (Novagen) by PCR using the following digested withDpnl to eliminate parental plasmid. Finally,
oligonucleotide primers: '#aaggatccATGGGTTCTCAT-  the Dpnl digested products were used to transform BH5
CATCATCATCATCATGGTatggcggggctgtactcgct-Ffor- Colonies were selected on ampicillin-containing plates (100
ward, containing the nucleotides codifying the &lis tag ~ ,g/mL), and mutants were screened for the presence of the
at the 5 end) and 5ccgaaagcggccgcATTACTTGACTG-  respective restriction enzyme sites. Finally, all mutants were
GTGGTGTAGAACATGG-3 (reverse). The fragment con-  sequenced to confirm the mutations.
taining the T7 tag carried by the vector was eliminated by  Mutant plasmids were cotransformed with pACYC-Duet
digestion withNdd and BanHlI followed by ligation of the (Novagen) expressing Skp and DsbC (unpublished) proteins
filled extremities. into BL21 cells (Invitrogen, Carlsbad, CA). Transformed

The resulting plasmid, pET-23a-Wip1{1250), was used  colonies were selected on plates containing ampicillin (100
to transform Escherichia coliBL21(DE3). Transformed  ug/mL) and chloramphenicol (1&g/mL). Cultures (800 mL)
bacteria were grown on LB/ampicillin (1Q@y/mL) plates. were grown to mid log phase in Circle Grow (Q-Biogen,
A single colony was selected and grown in 10 mL of LB Irvine, CA) at 37°C before transfer to a 18C incubator.
broth containing 100ug/mL ampicillin overnight with After incubation for approximately 15 min, cells were
shaking at room temperature. The culture was transferred toinduced with 0.75 mM IPTG for 16 h. Cultures were
1L of LB broth containing 5@:g/mL ampicillin and shaken  harvested and purified as described above. The purified
at room temperature until the absorbance at 600 nm wasprotein was stored at80 °C until use. Other recombinant
between 0.6 and 0.7. Following the addition of isopropyl proteins were purchased from Upstate Biotechnology (Char-
1-thio3-p-galactopyranoside (IPTG) to a final concentration lottesville, VA).
of 0.02 mM, the culture was incubated at X5 with shaking Peptide Synthesi®eptides were synthesized by the solid-
for 20 h. The cells were harvested by centrifugation at 4000 phase method with Fmoc (9-fluorenylmethoxycarbonyl)
rpm at 4°C for 10 min, and the cell pellets were resuspended chemistry. Phosphoamino acids were incorporated as Fmoc-
in 10 mL of PBS with EDTA-free protease inhibitor cocktail Thr[PO(OBzl)OH]-OH, Fmoc-Ser[PO(OBzI)OH]-OH, and
tablets (Roche, Indianapolis, IN), 2 mM 2-mercaptoethanol, Fmoc-Tyr(PQH,)-OH (Novabiochem, San Diego, CA).
and 0.2% Triton X-100 and then lysed by sonication. The Acetylation of the N-terminus was achieved with acetic
cell debris was removed by centrifugation at 10000 rpm for anhydride in the presence of 4-methylmorpholine. The
40 min at 4°C, and the supernatant was decanted into a 50 peptides were purified by high-performance liquid chroma-
mL conical tube to which 2 mL of a 50% slurry of TALON  tography on a Vydac C-4 column with 0.05% trifluoroacetic
metal affinity resin (Clontech, Palo Alto, CA) equilibrated acid/water/acetonitrile. The masses of the peptides were
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confirmed by matrix-assisted laser desorption ionization time- o, 3, y, and 6 subfamilies of the PP2C family from
of-flight mass spectrometry (Micromass, Beverly, MA). mammalian species. These included the 5, and y
Steady-State Kinetic Assayhosphatase activity was subfamilies found in humans, mice, and cattle and dhe
measured by a malachite green/molybdate-based a&$éay ( members (i.e., Wip1l) found in humans and mice. To study
26) following protocols provided by the manufacturer (serine/ the patterns of residue conservation, a multisequence align-
threonine phosphatase assay; Upstate Biotechnology). Thenent was constructed using the ClustalX computer program
amount of phosphate released was calculated using a(30). For regions of individual sequences not firmly aligned
phosphate standard curve. All assays were carried out inby obvious homology, manual editing was done to align
phosphatase buffer (50 mM Tris-HCI, pH 7.5, 0.1 mM residues known to be important in the active site (see text).
EGTA, 0.02% 2-mercaptoethanol) by incubation with phos- The homology model of Wip1 was produced manually with
phopeptide and 30 mM Mgég&for 5—10 min at 30°C. Under the Swiss-PdbViewer computer prograr@1) using the
these conditions, 2-mercaptoethanol does not affect theabove-mentioned multisequence alignment and the crystal
development of dye color, and the phosphopeptide was structure of human PP2(032) as a template. Little attention
dephosphorylated by less than 15%. To determine the kineticwas given to correctly predicting the conformation at regions
parametersK, and k., the initial velocities ¢) were of insertions or deletions, since these were all found to be
measured at various peptide concentrations ([S]), and datarelatively distant from the active site that was of primary

were fitted to the MichaelisMenten equation (eq 1). interest.
Simulations of the docking of p38 peptide substrate
v = Kof SH(Ky, + [S]) 1) (DEMpTGpYVA) to the Wipl and PP2€ enzymes were

performed with the AutoDock 3 computer program package

For the M@* concentration-dependence assay, reactions (33). The atomic coordinates of the diphosphorylated peptides
were carried out in phosphatase buffer containingu80  were generated and minimized with the CHARMM computer
human p38(175-185)(180pT 182pY) diphosphorylated program 84). For the docking simulations, the two metal
peptide containing phosphothreonine 180 and phosphoty-jons of the enzymes were treated as magnesiums, using the
rosine 182 and various concentrations ofgpr 5 minat  supplied van der Waals parameters and assigning electrostatic
30 °C. The kinetic parameters were estimated by eq 1. charges oft2e. Each phosphate of the substrate was given

Immunoblotting.The phosphorylated, full-length p@8 a charge of-2e. Simulations were started with the substrate
GST fusion protein (600 ng) was reacted with rWipl or peptides in an extended conformation, either randomly
recombinant human PP2Q(100 ng) in phosphatase buffer  positioned in the grid or with the phosphate of the threonine
containing 30 mM MgGl at 30°C for 30 min. Reactions  residue in approximately the same position as the phosphate
were terminated by adding2SDS-PAGE sample buffer.  |igand in the catalytic site of the PPaCcrystal structure
The proteins were resolved by SBBAGE and transferred  (32). In the latter case, the peptide chain was given one of
to PVDF membranes. After being blocked with 4% BSA, two opposite orientations along the cleft of the active site.
membranes were probed with anti-phospho-p38 polyclonal At [east 100 simulations were run for each of the peptides
antibody (Thr180/Tyr182; Cell Signaling Technology, Bev- pinding to each of the enzymes, with each of the three
erly, MA), anti-phospho-Tyr monoclonal antibody (P-Tyr-  starting states. The dockings were carried out according to
102; Cell Signaling Technology), or anti-GST monoclonal the Larmarckian genetic algorithm with a population size of
antibody (B-12; Santa Cruz Biotechnology Inc., Santa Cruz, 200 and the maximum number of generations and energy
CA) and were detected using appropriate peroxidase- evaluations set to k 10° and 5x 10, respectively. The
conjugated secondary antibodies (Amersham Bioscience,default values were used for all other runtime parameters.
Piscataway, NJ) and ECL detection (Amersham Bioscience). To modulate flexibility of the substrate, the nonamide bonds

Dephosphorylation of Recombinant pB8Bhosphoprotein  of the peptide backbone and the single bonds of the side
by PhosphataseShe phosphorylated, full-length pg8GST chains were allowed to rotate freely.

fusion protein (1.QuM) was reacted with rWipl (0.4M)
in phosphatase buffer containing 50 mM MgG@lt 30 °C RESULTS
for up to 50 min. Aliquots were withdrawn at the indicated
times, and the reaction was terminated by addirgSDS— The Actiity of the Wipl Catalytic Domain (rWipl) Is
PAGE sample buffer. Samples were subjected to immuno- Comparable to That of PP2Cor Full-length Wip1.The
blotting analysis using anti-phospho-p38 antibody as de- N-terminally His-tagged human Wipl catalytic domain
scribed above. Changes in the phosphorylation state of the(residues +420), rWipl, was expressed i coli and was
p38 proteins were quantified by densitometry. The data were purified by metal affinity chromatography. The purity of
fitted to the integrated MichaelisMlenten equation (eq 2)  fWipl was more than 90% as determined by SIPAGE
(27, 28) to obtain the apparemta/Km: and Coomassie staining (data not shown).

The PP2C family, including Wipl, is insensitive to OA

t = plk.oEo + (K/keaEo) IN(P./Ps — P) (2) and is dependent on Mg for phosphatase activityd( 11,

24, 35). To confirm the catalytic properties of rWip1l, its
wherekE, is the enzyme concentration apdindp., are the phosphatase activity was determined using the humaa{38
product concentrations at tinteand infinity, respectively. (175-185)(180pT 182pY) diphosphorylated peptide as a

Structural Analysis.Protein sequences homologous to substrate. As shown in Figure 1A, the phosphatase activity
human Wipl were obtained by searching the Swiss-Prot of rwWipl is dependent on Mdg. One hundred nanomolar
Protein Knowledgebas®$9). Since the focus was on human OA, which inhibited the PP1 and PP2A protein phosphatases
Wipl and PP2@, the list was trimmed to include only the (36), did not affect the activity of rWipl (data not shown),
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B GsT-phospho pas T substrate recognition. The kinetic parameters for a diphos-
:‘\;ﬁﬁ“ = = phorylated p38(180pT 182pY) peptide and a monophos-
phorylated p38(180pT) peptide were measured at a constant
IB: anti-phospho p38 E Mg?* concentration (Figure 2B). Estimatégh and K, for
the diphosphorylated p3&180pT 182pY) peptide were
IB: anti-phospho Tyr higher and lower, respectively, than those of the monophos-
phorylated p38(180pT) peptide (Table 1). The substrate
specificity constantk.,/Kn, for the p3&(180pT 182pY)
oA i - + peptide was more than 5.5-fold higher than that of theop38
FiGURE 1: Characterization of rWip1 as a PP2C phosphatase. (A) (180pT) peptide (Table 1). In contrast, the monophospho-
Effects of Mg+ and okadaic acid (OA) on rWipl phosphatase rylated peptide was a better substrate for P&¢2kan the
activity measured with a p3§175-185)(180pT 182pY) diphos-  diphosphorylated peptide (Table 2). These results indicate
phorylated peptide. The concentrations of the peptide?tiviand that rWipl shows a preference for diphosphorylated se-

OA were 50uM, 30 mM, and 2Q«M, respectively. (B) Immunoblot . .
analysis of rWipl or PP2@&catalyzed dephosphorylation of the ~dUENCES and that the optimal substrate preference of Wip1
differs from that of PP2@.

full-length p38x(180pT 182pY) GST-tagged phosphoprotein. The
phosphorylation states of GST-tagged p@B30pT 182pY) were To gain more information about the substrate specificity

analyzed Wtil’t1h (?”ha”tihphoflﬁiho'p??r h(tfgo Paf&e|T) ?Lrgizbofystshat of rWip1, several phosphopeptides corresponding to the
recognizes the diphosphorylation at Thr and Tyr of p38 or ;
with an anti-phospho-Tyr (middle panel) antibody. The GST-tagged d_? pttlloslph;rylatled Sl.te ?_}(Npggan: UT]GZ W%re arllalyzr:a d d
p38x protein level of each reaction was confirmed with an anti- (Table 1). Results using phosphopeptides also showe
GST (bottom panel) antibody. The graph shows the megan that the diphosphorylated peptides were much better sub-
standard error of at least three experiments. All assays werestrates than monophosphorylated peptides. There are two
performed at 30C and pH 7.5. pTXpY sequences in UNG2 that become phosphorylated in
i . . response to DNA damage, but in vivo Wipl dephosphory-
although at high concentrations of OA S/QM)' the activity lates UNG2 at phosphothreonine 6 and not at phosphothreo-
of rWipl was partially inhibited £30%), a result that e 126 (6). As expected, the diphosphorylated UNG2(6pT
|n(_j|cates rWipl is insensitive to OA. Immunoblo_t analysis 8pY) peptide that has the phosphothreonine 6 of UNG2 was
(Figure 1B) of rWipl-catalyzed dephosphorylation of the 4 petter substrate than the diphosphorylated UNG2(126pT
full-length p3&(180pT 182pY)-GST phosphoprotein showed  12g5yY peptide (Table 1). The diphosphorylated UNG2(6pT
that rwip1 removed only the phosphothreonine as previously g, v) peptide was a slightly better substrate for rwip1 than
reported {2). To further confirm the threonine-specific e diphosphorylated p88(180pT 182pY) peptide (1.4-fold
dephosphorylation, the absorbance at 282 nm of t'hetp38 higherkea/Kr). Monophosphorylated UNG2(126pT) peptide
(175-185)(180pT 182pY) diphosphorylated peptide was as not dephosphorylated by rWipl while activity was
measured. This assay is based on the marked differences igpserved with monophosphorylated peptidesc(380pT)
the_absorbance _coefﬁment at 282 nm between phosp_hoty—and UNG2(6pT) (Table 1), suggesting that the proline
rosine and tyrosine(). No absorbance change following  resiques that follow 126pT in UNG2 may inhibit recognition
incubation with or without rwipl was observed (data not ot this site by Wip1. Detectable activity was not observed
shown), |nd|cat|ng that the phosphotyrqsme was not dephos-with the phosphotyrosine peptides pg882pY), UNG2-
phorylated by rWipl. Threon_lne-specmc dephosphorylatlon (8pY), and UNG2(128pY). As previously reported for the
of GST-p3& and the p38 diphosphorylated peptide also  yinetic analysis of PP2€(26, 37, 38), the phosphothreonine
was observed after incubation with PR2@s reported). peptide RRAPTVA was a substrate for PR2CTable 2).
These .results indicate that _rWipl has the phosphataseHowever, RRApPTVA and other UNG2 monophosphothreo-
properties of the PP2C family, and the_se properties are ine peptides having pT-(A/DIG/N/PIQIN/W)-(A/EIHIIM/
comparab!e to those of the full-length W|p1](_12)_. _ P/R/V) sequences were not dephosphorylated by rwipl
Magnesium lon Is a Pseudosubstrate for rwigkinetics (Table 1 and refl6). Phosphoserine analogues of p38
analysis of PP2@ indicated that the concentration of metal peptides also were not dephosphorylated by rwipl and
iqns,_ such as I\/Fg“ obeys MichaelisMenten saturation  PP2@x (Tables 1 and 2), although p@8L80pS 182pY) has
kinetics, suggesting that metal ions act as pseudosubstrateg diphosphorylated motif. To examine the sequence specific-
(24). To determine whether rWipl has the same property, ity of the diphosphorylated motif of rWip1, derivatives of
the kinetic parameter&n and ke.r Were determined for  the wild-type peptide containing either phosphoserine or
different Mgt concentrations at a constant concentration of aspartic acid in place of phosphotyrosine, @880pT
the p3&(175-185)(180pT 182pY) diphosphorylated pep- 182pS) and p3@(180pT 182D), were tested. The/K, for
tide. A typical set of initial velocities versus Mgconcentra- these were decreased by B0-fold compared to the p88
tions is shown in Figure 2A. As for PP2C Mg?* also  (180pT 182pY) wild-type peptide (Table 1). These results
behaves as a pseudosubstrate for rwip1. Direct curve fittingindicate that rWip1 recognizes the diphosphorylated pTXpY
of the data to the MichaelisMenten equation yieldeba sequence and is a threonine-specific phosphatase.

Relative Activity (%) X»

IB: anti-GST

and Ky, which were 1.9+ 0.1 s! and 8 £ 1 mM,

respectively, at pH 7.5 and 3C. The millimolarK,, value

was of the same order as that for Ple2&t pH 7.0 and 25
°C (24).

As described above, the diphosphorylated peptides:p38
(180pT 182pY) and UNG2(6pT 8pY) are both good sub-
strates for rwWip1, although the only conserved sequence they
have in common is the pTXpY motif. To study the effect of

rWip1 Prefers a Diphosphorylated Substrate with a pTXpY individual side chains before and after the pTXpY sequence,

SequenceTo clarify the substrate specificity of rwipl, we
first examined the effect of a phosphorylated motif on

we tested p3@(175—185)(180pT 182pY) peptides in which
individual amino acids were substituted with alanine (Table
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FiGURE 2: Kinetic analysis of rWipl. (A) Concentration dependence oMgn rWipl-catalyzed dephosphorylation of a p8875—
185)(180pT 182pY) diphosphorylated peptide. The peptide concentration was 5(B) Concentration dependence of activity on the
diphosphorylated (pTGpY) and the monophosphorylated (pTGY fBB—185) peptide substrates. The concentration ofMgas 30

mM. Phosphatase activity was measured by a malachite green/molybdate-based assay. The data in panels A and B were fitted to the
Michaelis-Menten equation (eq 1) to estimate the kinetic parameters. The graph shows the sitaadard error for at least three experiments.

All assays were performed at 3Q€ and pH 7.5. (C) Time-dependent dephosphorylation of the full-length @3B®pT 182pY) GST-tagged
phosphoprotein. rWipl (0.4M) was incubated with GST-p38 phosphoprotein (1.«M) at 30 °C and pH 7.5 for 650 min.
Dephosphorylation of the GST-p@&hosphoprotein was determined by immunoblotting analysis using anti-phospho-p38 antibody that did
not recognize the nonphosphorylated GST-g3Botein (data not shown). The GST-pB8®rotein level in each reaction was confirmed
with Coomassie staining (data not shown). (D) The data were fitted to the integrated Miethdetisen equation (eq 2) as described in the
Experimental Procedures. The graph represents an average of two separate experiments.

Table 1: Kinetic Parameters for the Dephosphorylation of Synthetic Phosphopeptides by rWipl at pH 7.5°@hd 30

KealKm
substrate sequertce Km («M) Keat (571 (x1PM1s™h
p38x(180pT 182pY) TDDEMTGpY VAT 13+2 1.7+0.1 131
p38(180pT) TDDEMpTGYVAT 34+12 0.8+ 0.1 24
p38u(182pY) TDDEMT®YVAT ND¢ ND¢ ND¢
p380(180pS 182pY) TDDEMSGpY VAT ND¢ ND¢ ND¢
p38x(180pS) TDDEMSGYVAT ND°® ND® ND¢
p38u(180pT 182pS) TDDEMTGpSVAT 53+ 11 0.7+ 0.1 13
p38x(180pT 182D) TDDEMTGDVAT 5242 1.3+ 0.03 25
UNG2(6pT 8pY) MIGQKDTLpY SFF 9+ 2 1.7+0.1 189
UNG2(6pT) MIGQKPTLYSFF 70+ 11 1.6+ 0.1 23
UNG2(8pY) MIGQKTLpY SFF ND ND¢ ND¢
UNG2(126pT 128pY) ERKHYTVpYPPPH 18+ 6 0.9+0.1 50
UNG2(126pT) ERKHYTVYPPPH ND ND¢ ND¢
UNG2(128pY) ERKHYT\WWYPPPH ND ND¢ NDe
pThr peptide RRATVA ND¢ ND¢ ND¢
ERK5(218pT 220pY) HQYFMTEpYVATR 36+5 2.4+0.1 67
JNK1(183pT 185pY) TSEMMTPpYVVTR ND¢ ND¢ ND¢

aValues represent averages from two to four independent experimfiéttissphorylated amino acids are indicated in bold tydée K, and
keat Values could not be determined due to the High

3). The largest effect of alanine substitution was at posi- rosine (G181A) decreased tig 1.6-fold to a value (3:M)

tion —3 (D177A), which decrease#../K, by 2.5-fold. similar to that of the UNG2(6pT 8pY) peptide that has
Peptides with alanine substituted for the residues before andeucine between the phosphorylated residues. However, the
after the pTGpY sequence (M179A and V183A, respec- differences in kinetic parameters between the wild-type
tively) were slightly poorer substrates for rWipl than the peptide and alanine-scan peptides (Table 3) were much
wild-type peptide. A p38 peptide with alanine substituted smaller than the differences between di- and monophospho-
for glycine between the phosphothreonine and phosphoty-rylated peptides (Table 1).
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Table 2: Kinetic Parameters for the Dephosphorylation of Synthetic Phosphopeptides by Recombinant HuneaatRPRZ.5 and 30C?

KealKm
substrate sequerite Km («M) Keat (S71) (x1°M1sh
p38x(180pT 182pY) TDDEMTGpY VAT 63+5 2.84+0.1 44
p38u(180pT) TDDEMpTGYVAT 44 4 4 3.4+0.2 77
p38(180pS 182pY) TDDENSGPY VAT ND® ND¢ ND¢
p38u(180pS) TDDEMSGYVAT ND¢® ND¢ ND®
pThr peptide RRATVA 57 +3 41+0.1 72

2Values are averages from two to three independent experintePit@sphorylated amino acids are indicated in bold tyJde Ky and Keat
values could not be determined due to the High

Table 3: Kinetic Parameters for the Dephosphorylation ofof385—185)(180pT 182pY) Alanine-Scan Peptides by rWipl at pH 7.5 and 30
oca

Keal Km
substrate sequerice Km (uM) Keat (571 (x1M~1s™h

p380(180pT 182pY) TDDEMpTGpYVAT 13t 2 1.7+£0.1 131
T175A ADDEMpTGpYVAT 11+1 1.3+ 0.03 118
D176A TADEMpTGpYVAT 13+ 3 1.6+0.1 123
D177A TDAEMpTGpYVAT 30+4 1.6+0.1 53
E178A TDDAMpTGpYVAT 15+ 2 19+0.1 127
M179A TDDEApTGpYVAT 20+ 4 1.54+0.1 75
G181A TDDEMpTApYVAT 8+1 1.6+ 0.04 200
V183A TDDEMpTGpYAAT 20+ 5 1.1+0.1 55
T185A TDDEMpTGpYVAA 11+2 1.2+ 0.04 109

2Values are averages from two to four independent experimemitse replaced alanine residues are indicated in bold type.

Table 4: Kinetic Parameters for the Dephosphorylation of UNG2 Short Phosphopeptides by rWipl at pH 7.5°@hd 30

Keal Km
substrate sequerite Km («M) Keat (S71) (x1EM1s
UNG2(6-8)(6pT 8pY) pTLPY-NH, ND® ND¢ ND¢
UNG2(5-9)(6pT 8pY) KoTLpY S-NH, 2042 0.8+£0.03 40
UNG2Ac-(5-9)(6pT 8pY) Ac-KoTLpYS-NH; 19+1 1.5+ 0.03 79

aValues are averages from four independent experimeRisosphorylated amino acids are indicated in bold type. An acetylation of the N-terminus
and amidation of the C-terminus are denoted by Ac- andx;NMébspectively® The K, andk.a values could not be determined due to the High

rWipl Recognizes Different Chain-Length Peptides as theK, was 2.8-fold higher than for the p88L80pT 182pY)
SubstratesTo evaluate the effect of chain length on substrate peptide. As a result, the./Kn, for the ERKS5 peptide is 2.0-
specificity of rWip1, short chain length analogues of the fold smaller than for the p38 peptide. Furthermore, a
UNG2(6pT 8pY) peptide were assayed (Table 4). Diphos- diphosphorylated human JNK1(17889)(183pT 185pY)
phorylated UNG2(6-8)(6pT 8pY), a three-residue peptide peptide (Table 1) and the phosphorylated INK MAPK protein
having only the pTLpY sequence, was not dephosphorylated(12), which have the sequence pTPpY, were not Wipl
by rWipl. However, adding only one residue to both the N- substrates, suggesting that a proline at the X position is
and C-termini, which created a five-residue peptide, producedincompatible with substrate recognition. These results indi-
a valid substrate. Acetylation at the N-terminus of the five- cate that the X residue in the pTXpY sequence modulates

residue peptide increased tka: 1.9-fold but did not affect  he affinity for rwipl and determines selectivity toward
the Ky, compared to the nonacetylated peptide. These resultSyifferent MAPKS.

indicate that rWip1l recognizes substrates of different chain . -
lengths, but they must be at least five residues in length andS 'I;)he FuI]Ic-Ler\1/%1/'_th1$38 Phqsphfoprr(])telnh Is an Efficient
must include the pTXpY sequence. ubstrate for rWiplTo examine further the requirements

The X Residue in the pTXpY Sequence Affects the Affinity/Or Substrate recognition by rwipks./Kmn for the full-length
for rWip1.As described above, UNG2(6pT 8pY) (-pTLpY-) p38u phosphqproteln was measured. Dephosphorylatlon was
and p38(180pT 182pY)(G181A) (-pTApY-) peptides ex- detected by immunoblot analysis using an antibody that
hibited approximately a 1.5-fold lowé,, than p38(180pT specifically recognizes the diphosphorylated form of the
182pY) (-pTGpY-), although thie, of these three peptides P38 protein (Figure 2C). The banc_is were quar_mfled by
were very similar. These data suggested that the residue (X)densitometry, and the data were fitted to the integrated
between phosphothreonine and phosphotyrosine may affecMichaelis-Menten equation (eq 2) (Figure 2D). The esti-
the substrate’s affinity for rwipl. Extracellular signal- matedkea/Km value for the full-length p3@& phosphoprotein
regulated kinases (ERKs), which belong to the MAPK Was 1.6x 10° M~* s™*. This value is about 12-fold higher
family, have a pTEpY sequence. We therefore measured thethan that for the diphosphorylated p8®eptide (Table 1).
kinetic parameters for a human ERK5(21&4)(218pT This result suggested that regions or motifs outside the
220pY) diphosphorylated peptide, although it has not been pTXpY sequence contribute to substrate recognition by
reported that ERKS5 is a substrate for Wipl in vivo. As shown rWip1l either directly or through effects on the conformation
in Table 1, thek., for this peptide increased 1.4-fold, and of the phosphorylated segment.
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Wipl_human 73 . AGE - GGRI2AR 115
Wipl_mouse 68 --r ARP RIJAACF 108
p2ca_human 32 .- AR ! ; ALY 70
p2ca_mouse 32 -- \HT. ¥ : ALY 70
p2ca_bovine 32 .- AHT ' : VAZY 70
p2¢cb_human 32 FAHT D el ANY 70
p2chb_mouse 32 .-  \HI ! ; ANY 70
P2cbhb_bovine 32 - AR DeH: - 70
pP2cg_human 35 .- r: ¥ 70
P2cg_mouse .. 2 ¥ 70

P2cg_bovine

Wipl_human 263
Wipl mouse 256
p2ca_human 186
p2ca_mouse 186
P2ca_bovine 186
p2cb_human 191
p2chb_mouse 191
p2cb_bovine 191
P2cg_human 389
p2cg_mouse ; - 386
p2cg_bovine EVE R NAGGK . 387

FiGure 3: Sequence alignment of mammalian members of the PP2C famjlg; v, andd (Wipl) subfamilies. The illustration has been
reduced in both number of sequences and positions for clarity and to highlight the enzymatic catalytic site. The “p2c(a,b,g)” prefixes of the
sequence names are the Swiss-Prot Protein Knowledgebg@seesignations for thet, 5, andy subfamilies.

Ficure 4: Comparison of the catalytic site structures of PRZ82) and the Wip1 homology model. Residues outside of the active site are
colored light gray. Identical catalytic site residues for the two enzymes are colored green. Active site residue side chains that differ are
color-coded by atom type (carbon, dark gray; nitrogen, blue; oxygen, red; hydrogen, white). The two magnesium ions are colored magenta.
(A) Crystal structure of PP2C[1A6Q.pdb; Protein Data Banldg)]. (B) Primary mode of binding of the p38 peptide, DEMpTGpYVA,

in the active site of Wipl. For clarity, a single peptide is shown rather than the full population of docked substrate molecules. In addition

to the color codes for N, O, and H given above, the peptide carbons are colored teal, the phosphates are colored orange, and the sulfurs are
colored yellow. The labels of the peptide residues are distinguished by black oval backgrounds. (C) Secondary mode of binding of the p38
peptide to Wipl.

Structural AnalysisTo investigate the physicochemical, the immediately flanking residues between Wipl and the
molecular basis for the observed substrate specificities, aother members. The guanidinium group of the arginine
homology model of human Wipl was developed from the residue is often found in the catalytic site of phosphatases,
crystal structure of PP2C(32). This required first updating  such as tyrosine phosphatases or PP2B serine/threonine
the multiple sequence alignments we have previously phosphatase, and interacts with a phosphate on the substrate
published for the PP2C familyLQ, 39) by concentrating only ~ (41). A mutagenesis study of PPaConfirmed that R33 is
on thea, f, y, andd subfamilies of animal species. Special an important residue for substrate affinig0f. For the most
consideration was given to the sequence regions comprisingpart, there is a high degree of conservation among all of the
the catalytic site, favoring alignments conserving specific sequences of the residues forming the active site. In addition
residues suggested to be structurally and functionally im- to Figure 3, this is demonstrated structurally in Figure 4A,
portant from analysis of the crystal structure templ&®2 (  where all of the metal-binding and directly adjacent residues
40). For example, as seen in Figure 3, R76 of human Wip1 are identical between Wip1l and PR2@nd only a minority
(conserved as R69 in mouse Wip1l) is aligned with the active of residues on the periphery differ (i.e., E37, A63, 1184,
site R33 of PP2@, despite the lack of sequence identity of Q185, R186, and D243 of human PRZCThis agrees with
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the finding that rWip_l has a similar affinity for MQ_ Table 5: Kinetic Parameters for the Dephosphorylation ofop38
compared to PP2C (Figure 2A). Clues for understanding  phosphopeptides by rwipl Mutants at pH 7.5 andGd

specificity differences are obtained from the alignment ra
depicted in Figure 3, which points out catalytic site positions (x10°
that are conserved within but differ between two or more mutant substrafe Kn (M)  kea(s) M1s?
PP2C subfamilies. Among these, variations that are the least2330 TDDEMpTGpYVAT 34+5 1.3+0.1 38
conservative in size, polarity, and/or formal electrostatic TDDEMpTGYVAT 56+9  0.9+0.1 16
charge are likely to be more influential. For PR2G Wip1 K238D TDDEMpTGpYVAT 39+3  0.9+£0.03 23
these are E37/P80, Q185/K238, R186/D264, and D243/N318. | TT%%EE'\,('E%;\\(’O/IT rsy orde B
The next step was to compare computer simulations of TDDEMpTGYVAT 39+4  2.9£0.1 74

the p3_8 pe_ptlde substrate binding to the P&zMd W!pl aValues are averages from two to three independent experiments.
catalytic sites and correlate these with the expenmentalbphosphory|ated amino acids are indicated in bold type.

kinetic results. While not identifying any single complex as
uniquely preferred, this comparison produced a sample of . .
the range of possible energetically stabilized structures, whicht© 1.6 and 1.1 for the mutant proteins, respectively. In
was then clustered into different modes of binding. The most cONtrast, the R110E mutant showed simifa values for
dominant mode (i.e., the most highly populated) of the p38 both the_ mono- and d|phos_,phorylated peptldes_ as the wild-
diphosphorylated peptide substrate binding to Wip1 is shown type rW|p1. However, in this case, the. values increased

in Figure 4B. This structure is characterized by the phosphate2PProximately 3- and 2-fold for the two substrates. The
of the threonine (pT180 of p38) remaining bound to the changes K238Q and K238D also caused a progressive

catalytic site R76 residue and the phosphate of the tyrosinedecréase in thee./Kn values compared with the wild-type
(pY182 of p38) bound to the positively charged K238 side enzyme for both the mono- and diphosphorylated substrates,

chain. In addition, it is seen that the p38 D177 residue forms with the change bemg larger fqr the Iatf[er one. _Slnce the
a stabilizing salt-bridge interaction with the active site R76 R110E mutant and wlld-type rWipl pr_otems had simHar
residue, whereas the adjacent E178 residue simply extendé’alues' the change in tHQ?‘/Km for this mutant reflepted
into the solvent. Figure 4C shows a second, less populatedN€ same 3- and 2-fold increase as tha values just

mode for the interaction of the diphosphorylated p38 peptide described. The ratio okea/Km values for the di- over
binding with Wip1. In this case, the substrate backbone is monophosphorylated substrates, which indicates the selectiv-

rotated 180 around the phosphothreonine, allowing the ity preference due to the phosphotyrosine, changed from 5.5

phosphotyrosine to make a salt bridge with R110, which is for the wild-type rWipl to 2.4 for the K238Q mutant, 1.9
slightly beyond what we conservatively estimated to be part for the K238D mutant, and 3.5 for the R110E mutant
of the substrate-binding region. As seen in Figure 3, R110 protgms. These re'sult.s g;uggest that K238. plays an important
is another position that is conserved within the PP2C family role In su_bstrate dlscrlmlnatl_on by recognizing the phospho-
but differs between PP2Cand Wipl: i.e., S65/R110. As = W'0sine in the pTXpY motif, as suggested by molecular
also seen in Figure 4C, contrary to the primary binding mode, M°deling.

the p38 E178 residue, rather than D177, formed a salt bridge
with K238; however, this association was not consistent
throughout the population, and D177 also formed a salt Identification of physiological substrates for protein phos-
bridge with K238 with equal frequency in this binding mode. phatases is important for understanding their biological

Lysine 238 of rWipl Is Important for Binding the Phos- mechanisms. It had previously been reported that p38 MAPK
photyrosine in the pTXpY Sequente.investigate the roles and UNG2 are physiological targets of Wip12( 16);
of residues K238 and R110 in substrate recognition, the however,PPM1D null mice exhibit defects in reproductive
kinetic parameters for rwWip1 single amino acid mutants were organs, immune function, and cell cycle contrd3),
measured using the wild-type p88iphosphorylated peptide.  suggesting that there must be other physiological targets of
K238 was changed by mutation to glutamine or aspartic acid, Wip1l. In this study, we investigated the substrate specificity
and R110 was changed to serine or glutamic acid, all of of Wipl by kinetic analysis using recombinant Wip1 (amino
which are conserved in at least one of thes, and/ory acids 1420 of the human enzyme) and various phospho-
subfamily sequences (Figure 3). Mutant proteins with the peptides.

K238Q, K238D, or R110E changes were expressed in soluble Optimal Substrate Sequend@n the basis of the present
form by coexpression with chaperone proteins (see Experi- results, we propose that the optimal substrate sequence for
mental Procedures); however, rWipl with R110S was not Wipl may be X 1-pT-X11-pY-X43, where X1, X141, and X3
expressed under these expression conditions. The threalenote any amino acid, any aliphatic amino acid, and any
soluble, mutant rwWipl proteins showed the same property amino acid except proline, respectively. This optimal se-
of threonine-specific dephosphorylation as wild-type rWipl quence clearly is consistent with the findings that the MKK1,
(data not shown). MKK4, and MKK6 MAPKKSs, which have the pSXXX(pS/

As seen in Tables 1 and 5, the K238Q and K238D pT) sequence, or JINK1 and ERK2 MAPKSs, which have the
mutations resulted in elevatég, values compared with wild-  pT(P/E)pY sequence, are not physiological substrates for
type rWip1l for both the monophosphorylated p8830pT) Wip1 as reported previouslt ). Furthermore, the X residue
and diphosphorylated p88180pT 182pY) peptides. The between the phosphothreonine and phosphotyrosine residues
ratio of values for mono- over diphosphorylated peptides, in the pTXpY sequence modulated the affinity of peptides
which indicates the relative preference for the diphospho- for Wipl. These findings suggest that Wipl recognizes a
rylated substrate, was 2.6 for wild-type rWipl and decreasedvery narrow region around the pTXpY sequence and this

DISCUSSION
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core region may be important for the binding of correspond-  Unfortunately, the resolution of the numerical simulations
ing substrate peptides and for the catalytic activity of Wipl. was not sufficient to investigate more subtle attributes of
Although both Wipl and PPaCdephosphorylated the the substrate. For example, analyses of the type of side chain
threonine residue of the pTGpY sequence in p38 MAPK in between the phosphorylated residues of the pTXpY motif,
vivo and in vitro 6, 12), other reported substrates of PR2C  or the minor structural difference from substituting phos-
are different from those preferred by Wip1. Previous kinetic phoserine for phosphothreonine, which caused a relatively
studies showed that the monophosphorylated peptides RRA{arge reduction in the kinetics as presented in Table 1 and
pPTVA (26, 37) or FLRpTSCG and FLRTpTCG, derived reported by others2g, 37, 38), were not informative. Such
from AMPK (38), are good substrates for PR2Cn accord detail would likely require more accurate energy functions
with those studies, our kinetic results also showed that the that better account for the entropy and solvent effects in the
monophosphorylated peptides are better substrates fordl®PP2C former case and the effects of differences in molecular
than diphosphorylated peptides (Table 2). Moreover, RP2C orbitals on the dynamic catalytic reaction for the latter.
can bind and dephosphorylate the serine residues of the (R/ In conclusion, our results show that peptides which contain
K)XpS sequences on CFTRZ) and metabotropic glutamate  the pTXpY motif are the optimal substrates for Wip1l and
receptor 343) in vivo and/or in vitro. These results indicated that the motif present in the amino acid sequence of these
that the optimal substrate sequences of Wipl and BP2C peptides dictates selectivity for both in vivo and in vitro
are different and that Wipl has much narrower substrate substrates. Knowing that the pTXpY motif in two substrates,
specificity than PP2@. p38 and UNGZ2, is important for substrate recognition should
Structural AnalysisThe computer simulations predicted facilitate the recognition of other important unknown sub-
that the most likely mode of p8g180pT 182pY) peptide  strates. Recent studies have shown that inhibiting Wipl
binding has the phosphate of the tyrosine forming a salt activity may suppress the proliferation of certain types of
bridge with the K238 residue of the rWipl enzyme (Figure cancer cellsZ1, 22). Therefore, our results should be useful
4B). This is consistent with the pattern of sequence conser-for designing and synthesizing novel anticancer drugs.
vation seen in the alignment of Figure 3, in which a positively
charged residue at this position occurs only in the diphos- REFERENCES
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