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A Small Molecular Scaffold for Selective Inhibition of Wip1 Phosphatase**
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The phosphatase Wip1 (also called PP2Cd) indirectly suppress-
es the activity of the tumor suppressor protein p53.[1] After
DNA damage, such as ionizing radiation or UV light, several
cellular pathways combine to increase the activity of p53,
which in turn controls cell cycle arrest and apoptosis. Within
the network of p53 activation, Wip1 inactivates p38 MAP
kinase by dephosphorylation of a phosphothreonine. In its
own role, phosphorylated p38 MAP kinase phosphorylates and
activates p53. Therefore, Wip1 controls a negative feedback
loop within the p38 MAP kinase–p53 signaling pathway. Other
roles for Wip1 include suppression of Chk2 activity, a kinase
controlling the G2/M DNA damage checkpoint.[2] Overexpres-
sion of Wip1 protein (and amplification of its associated gene
PPM1D) has been observed in several cancers, including breast
cancer, neuroblastoma, and ovarian clear cell adenocarcinoma.
Furthermore, the PPM1D gene complements other well-known
oncogenes such as Ras, ErbB2, and Myc for cellular transforma-
tions of primary mouse embryo fibroblasts.[3] The data accumu-
lated about the biological functions of Wip1 indicate that in-
hibition of its enzymatic activity could be an effective strategy
for combating certain types of cancer.

Although the three-dimensional structure of Wip1 has not
yet been determined, it is a member of the protein phospha-
tase 2C (PP2C) family and bears significant homology to the
protein PP2Ca whose crystal structure has been determined.[4]

However, homology-based models of Wip1 necessarily exclude
residues 239–263 of the protein because this segment is
unique among the sequence alignments of PP2C family mem-
bers and thus there is no template to model this section from
the PP2Ca crystal structure. These unique residues likely form
a loop on the protein surface near the periphery of the catalyt-
ic site, and possibly convey substrate specificity to Wip1. In
this regard, two classes of substrate have been identified for
Wip1: diphosphorylated peptides typified by p38 MAP kinase,
and monophosphorylated peptides typified by ATM.[5] The
former substrate class has pTXpY polypeptide sequences
(where pT and pY represent phosphorylated threonine and ty-
rosine respectively, and X denotes a hydrophobic amino acid).
In this case, the pT residue is selectively dephosphorylated

while the pY residue forms a stabilizing salt bridge with K238
of the protein, which is a residue unique to Wip1. The latter
class of substrates for Wip1 has a pSQ motif (pS denotes phos-
phoserine). In this case, stabilizing interactions between Q and
D264 of Wip1 (also unique to Wip1) promote selectivity. It is
important to note that the optimal substrates of Wip1 are dif-
ferent from those of PP2Ca. To date, only a handful of success-
ful Wip1 inhibitors have been described.[6] These types of in-
hibitors include peptide and cyclic peptide-based molecules,
an organomercuric compound, and an electrophilic molecule
that is a strong Michael acceptor. As a result of the metabolic
instability of peptides and the toxicity associated with mercury
and highly electrophilic molecules, the current Wip1 inhibitors
are not likely to be developed as drug candidates.

In this study, we report the design, synthesis, and characteri-
zation of a small, druglike, molecular scaffold for the selective
inhibition of Wip1. The inhibitors are based on the cyclic pep-
tide c ACHTUNGTRENNUNG(MpSIpYVA) (Figure 1A), which inhibits Wip1 with a Ki of
<1 mm, but is not highly selective for Wip1 over PP2Ca. More
selective cyclic peptide inhibitors have been developed, but at
the expense of Wip1 inhibition.[6b]

To develop a small organic analogue of cACHTUNGTRENNUNG(MpSIpYVA), groups
mimicking the phosphotyrosine, phosphoserine, isoleucine,
and valine residues of the cyclic peptide need to be present
on the new scaffold. The pyrrole-based molecules of the type
shown in Figure 1B represent the scaffold we chose for devel-
opment of a small molecule inhibitor of Wip1. Among the pyr-
role side chains, R1 and R3 were assigned as the positions from
which phosphate groups would be attached, and side chains
R2 and R4 were assigned as the positions to attach hydropho-
bic groups.

To make the pyrrole derivatives, a synthetic route was devel-
oped based on known procedures to make pyrroles
(Scheme 1).[7] Initially, b-ketoamides were synthesized on a
solid support by the combination of Rink amide resin with acy-
lated derivatives of Meldrum’s acid. Next, addition of an amine
to form an enaminone on the solid support, followed by addi-
tion of an a,b-unsaturated nitroalkene resulted in pyrrole for-

Figure 1. A) Chemical structure of c ACHTUNGTRENNUNG(MpSIpYVA), B) pyrrole scaffold to mimic
the cyclic peptide (side chain mimics labeled in parentheses).
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mation. Deprotection, followed by phosphorylation and cleav-
age from the resin afforded the target pyrroles. Using this
route, 27 different pyrroles were made and tested as inhibitors
for Wip1 (see Supporting Information for complete details),
and the positions around the pyrrole ring were optimized for
inhibition.

In Table 1, the Wip1 inhibition constants (Ki) are shown for
11 of the pyrrole derivatives. For R1, the optimal group is a 2-
chloro-phenylphosphate (see Scheme 1), and all the entries in
Table 1 have this group at R1. Optimization then proceeded
with R2. Several hydrophobic groups were examined, but alkyl
chains with a branched methyl group were superior to straight
chain alkyl groups (compare entries 1 to 2 and 3, Table 1). A 2-
methylpentyl group was chosen as a side chain for this posi-
tion. Optimization at R3 (the mimic for phosphoserine) focused
on finding the ideal distance between the phosphate group
and the pyrrole core. As shown in Table 1, this distance was
clearly 3 methylene units (compare entries 3, 4, and 5, Table 1).
Next, optimization at R4 determined that chloro-aromatic
groups at this position were ideal (entries 6, 7, and 8, Table 1).
Finally, each enantiomer of the 2-methylpentyl side chain was
prepared, and the (S) enantiomer was clearly more active than
(R). The chirality of the molecule was eliminated by replacing

the 2-methylpentyl side chain with 2-propylpentyl and Wip1
inhibition improved slightly.

Finally, the selectivity of the best inhibitors of Wip1 (Table 1,
entries 8, 9, 10) was tested against PP2Ca and a K238D mutant
of Wip1. These molecules showed no detectable inhibition of
either protein, demonstrating that these compounds are
highly selective.

The current model we propose for the binding of the pyr-
role from entry 9 to Wip1 is presented in Figures 2 and 3. Com-

parison with the bound conformation of c ACHTUNGTRENNUNG(MpSIpYVA)
(Figure 2) indicates that the chlorophenylphosphate group in
position R1 likely mimics the phosphotyrosine, and also con-
tacts K238 of the Wip1 protein. This is a unique residue within
Wip1, and is required for substrate selectivity. The inability of
our molecule to inhibit the K238D mutant of Wip1 reinforces
this idea. The other phosphate group (position R3) likely
mimics the phosphoserine and contacts R76 and the metal–

ligand complex (Figure 3). The
2-methylpentyl side chain
mimics the isoleucine in the
cyclic peptide, but there is no
clear site of interaction of this
side chain with the protein. In
the model, this side chain proj-
ects above the plane of the pic-
ture and could interact with the
unique series of Wip1 residues
that we propose forms a loop
over the catalytic site. The
chloroaromatic side chain inter-
acts with F268, and the primary
amide interacts with D264, resi-
dues that are both unique to
Wip1.

Scheme 1. Synthetic route for pyrrole derivatives. 1) trityl deprotection;
2) Phosphorylation; 3) Cleavage from resin

Table 1. Pyrrole analogues synthesized and tested for Wip1 inhibition.

Entry[a] R2 R3 R4 Ki [mm][b]

1 n-C5H11 -(CH2)2OPO3
2� CH3 77�12

2 CH2CH ACHTUNGTRENNUNG(CH3)2 -(CH2)2OPO3
2� CH3 38�8

3 -(CH2)2OPO3
2� CH3 40�1

4 2-methylpentyl -(CH2)3OPO3
2� CH3 17�1

5 2-methylpentyl -(CH2)4OPO3
2� CH3 NI[c]

6 2-methylpentyl -(CH2)3OPO3
2� CH2CHACHTUNGTRENNUNG(CH3)2 43�3

7 2-methylpentyl -(CH2)3OPO3
2� CH2(p-Cl-Phenyl) 6.2�0.6

8 2-methylpentyl -(CH2)3OPO3
2�

ACHTUNGTRENNUNG(CH2)2(p-Cl-Phenyl) 5.7�0.4
9 (S)-2-methylpentyl -(CH2)3OPO3

2�
ACHTUNGTRENNUNG(CH2)2(p-Cl-Phenyl) 4.7�0.7

10 (R)-2-methylpentyl -(CH2)3OPO3
2�

ACHTUNGTRENNUNG(CH2)2(p-Cl-Phenyl) 10�1
11 2-propylpentyl -(CH2)3OPO3

2� CH2(p-Cl-Phenyl) 4.0�0.2

[a] See Scheme 1 for chemical structure of pyrrole core. [b] Phosphatase activity was measured as described in
the experimental section. [c] No inhibition observed.

Figure 2. Comparison of A) bound cyclic peptide with B) entry 9.
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In conclusion, we were able to generate selective inhibitors
of Wip1, indicating that Wip1 is a good target for future drug
development. The unique residues of Wip1 allowed us to syn-
thesize small molecules that selectively bind to this phospha-
tase over others. It is our hope that these results will become
the basis for development of future therapeutics to treat
cancer.

Experimental Section

Synthesis and characterization of all pyrrole inhibitors is described
in the Supporting Information. In the molecular modeling of the
Wip1–Inhibitor complex, the atomic-scale, computer model of the
active site of Wip1 was the same as described previously.[5, 6b] This
was a homology model developed from the crystal structure of
PP2Ca.[4] Topology files and initial coordinates of the different pyr-
role-based inhibitors were made with the 2-D Sketcher and 3-D
Builder modules of the Quanta-2006 molecular modeling program
(Accelrys Inc. : http://www.accelrys.com/). Energy minimization cal-
culations were then done with the CHARMM (c31b2) molecular
mechanics software package[8] using the “par_all22_prot” parame-
ter set.[9] Phosphatase activity was measured by a malachite green/
molybdate-based assay.[5] The IC50 values for inhibition of phospha-
tase activity by the phosphopeptide inhibitors were measured
using 30 mm AFEEGpSQSTTI substrate peptide (residues 1976–1986
in human ATM kinase) for 7 min at 30 8C in 50 mm Tris-HCl, pH 7.5,
0.1 mm EGTA, 0.02% 2-mercaptoethanol, 40 mm NaCl, 30 mm

MgCl2. The phosphatase and phosphopeptide inhibitors were pre-
equilibrated at 30 8C for 6 min. The inhibition percentages were es-
timated by Equation (1).

Inhibition ð%Þ ¼ 100½1�ðA�A0Þ=ðA100�A0Þ� ð1Þ

In Equation (1), A and A100 are absorbance intensities at 650 nm
with or without the peptide inhibitor, respectively. A0 is absorbance
of the sample without phosphatase. The IC50 values were estimat-

ed by a sigmoidal dose-response equation. The apparent inhibitory
constant Ki values were estimated using equation.[10]

K i ¼ IC50=ð1þ ½S�=KmÞ ð2Þ

In Equation (2), [S] is the concentration of the substrate peptide
and Km is the Michaelis constant.
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Figure 3. Model of Pyrrole 9 bound to Wip1. Residues K238, D264, and F268
are unique to Wip1.
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