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CONSPECTUS: Synthesis of a focused library is an important strategy to create novel
modulators of specific classes of proteins. Compounds in a focused library are composed of
a common core structure and different diversity structures. In this Account, we describe
our design and synthesis of libraries focused on selective inhibitors of protein phosphatases
(PPases). We considered that core structures having structural and electronic features
similar to those of PPase substrates, phosphate esters, would be a reasonable choice.
Therefore, we extracted core structures from natural products already identified as PPase
inhibitors. Since many PPases share similar active-site structures, such phosphate-
mimicking core structures should interact with many enzymes in the same family, and
therefore the choice of diversity structures is pivotal both to increase the binding affinity
and to achieve specificity for individual enzymes.
Here we present case studies of application of focused libraries to obtain PPase inhibitors,
covering the overall process from selection of core structures to identification and
evaluation of candidates in the focused libraries. To synthesize a library focused on protein
serine-threonine phosphatases (PPs), we chose norcantharidin as a core structure, because norcantharidin dicarboxylate shows a
broad inhibition profile toward several PPs. From the resulting focused library, we identified a highly selective PP2B inhibitor,
NCA-01. On the other hand, to find inhibitors of dual-specificity protein phosphatases (DSPs), we chose 3-acyltetronic acid
extracted from natural product RK-682 as a core structure, because its structure resembles the transition state in the
dephosphorylation reaction of DSPs. However, a highly selective inhibitor was not found in the resulting focused library.
Furthermore, an inherent drawback of compounds having the highly acidic 3-acyltetronic acid as a core structure is very weak
potency in cellulo, probably due to poor cell membrane permeability. Therefore, we next modified the core structure from acidic
to neutral by transformation to the enamine derivative and constructed a second-generation focused library (RE derivatives). The
resulting compounds showed dramatically improved cell membrane permeability and inhibitory selectivity and included VHR
(vaccinia VH1-related)-selective RE12 and CDC25A/B (cell division cycle 25A/B)-selective RE44. These inhibitors act on target
enzymes in cellulo and do not generate reactive oxygen species, which is a potential problem with quinoid-type inhibitors of
CDC25s. The cellular activity of RE12 was further improved by replacement of the side chain to afford RE176, which showed
more potent antiproliferative activity than RE12 against HeLa cells.
The dramatic change of inhibitory selectivity obtained by core structure modification from 3-acyltetronic acid to its enamine
derivative was associated with a change in the mode of action. Namely, RE derivatives were found to be noncompetitive
inhibitors with respect to a small-molecular substrate of CDC25A/B, whereas RK-682 was a competitive inhibitor of VHR. We
identified the binding site of RE derivatives on the CDC25A as a pocket adjacent to the active site; this appears to be a promising
target site for development of further novel inhibitors of CDC25s.

1. INTRODUCTION
Screening of chemical libraries is an important approach for
discovery of new biologically active compounds, and con-
struction of various libraries is currently one of the most
important tasks of synthetic chemists in the fields of chemical
biology and medicinal chemistry. In the 1990s, combinatorial
chemistry was introduced as a tool to synthesize large numbers
of compounds by combining various building blocks. To avoid
the need for multiple separation/purification processes, solid-

phase synthesis and simple, high-yield reactions have often
been used (Figure 1A).1 Consequently, the chemical space2

occupied by such libraries was rather limited. Since then,
organic chemists have developed efficient synthetic strategies
for libraries of more complex, natural product-like molecules, in
which compounds with desired biological effects are expected
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to be present with high probability. These approaches are
embraced by the concept of diversity-oriented synthesis
(DOS), in which a set of compounds with diverse and complex
structures is obtained from simple starting materials without
focusing on any specific class of target protein (Figure 1B).2,3

This concept was later extended to DOS starting from natural
products.4 The aim of DOS is generally to achieve a high
degree of structural variation and complexity, and sometimes to
construct architectures that resemble biologically active natural
products. Recently a more function-oriented approach, that is,
biology-oriented synthesis based on bio- and chemoinformatic
data, has been proposed.5

In contrast to such diversity-oriented approaches, a “focused
library” is designed to target a specific class of proteins and
usually consists of a relatively small number of compounds.6−8

Compounds in a focused library normally have a common
“core structure” (Core), which is a key structure for interaction
with a specific class of proteins, together with a range of
“diversity structures” (Figure 1C). It is unlikely that natural
products or synthetic molecules identified by screening would

have sufficient potency, selectivity, solubility, and cell
permeability for direct application in biological research, and
thus the focused library approach is important for creating
second-generation molecules having superior properties. The
most important issue in library construction is the selection of a
Core. The Core could be simply extracted from a lead
compound based on the structure of a cocrystal with the target
protein, if available, or could be based on preliminary
structure−activity relationship (SAR) data on a limited number
of derivatives. Alternatively, a Core might be designed based on
physiological ligands or substrates.9 Such a Core could be
further optimized, if necessary (Figure 1C). Diversity structures
could be selected randomly or could include structures
expected to modulate the target activity and selectivity. In
general, convergent synthesis of target libraries by coupling
reactions of the Core with diversity structures, avoiding late-
stage construction of the Core, would be a reasonable strategy.
Focused libraries have often been utilized in the development

of enzyme inhibitors.10 Enzyme inhibitors with high specificity
for a target enzyme are useful for investigating the biological
role of the enzyme and may also be useful as lead compounds
for therapeutic agents. For example, enzymes involved in post-
translational modifications of proteins and in signal trans-
duction, such as proteases, protein kinases, and phosphatases
(PPases), are promising therapeutic targets. However, these
classes of enzymes contain large families that consist of many
enzymes (or subtypes) that catalyze the same reaction of
different substrates; enzymes in such a family have highly
homologous active sites in terms of amino acid sequence and
three-dimensional shape but have distinct biological functions.
The focused library approach is particularly suitable for finding
selective inhibitors of individual enzymes in such families. For
example, if an enzyme inhibitor identified by screening binds to
the active-site pocket of the enzyme competitively with respect
to the substrate, a partial structure of the parent inhibitor may
mimic a structural feature of the substrate or the transition state
of the enzymatic reaction, and would be suitable as a Core. Of
course, the Core alone may not show high inhibitory potency
toward the target enzyme, but diversity structures installed on
the Core are expected to act not only as enhancers to increase
the affinity for the target enzyme but also as discriminators to
decrease the affinity for the many other related enzymes with
which the Core itself can interact. In this Account, we
summarize our work to create unique inhibitors of PPases by
synthesizing and screening suitable libraries, as well as some
biochemical insights obtained by means of biological
investigations utilizing the new inhibitors.

2. SEARCH FOR PHOSPHATE-MIMICKING CORE
STRUCTURES AMONG NATURAL PRODUCTS:
FIRST-GENERATION FOCUSED LIBRARY

PPases regulate phosphorylation states through dephosphor-
ylation of phosphoproteins in various intracellular signal
transduction pathways.11 Protein phosphorylation is one of
the most important and fundamental post-translational
modifications, and analysis of the functions and regulatory
mechanisms of phosphorylation of individual proteins should
provide insights into the origin of diseases caused by
malfunction in signal transduction. However, few specific
inhibitors of PPases are available. We have been developing
new inhibitors using focused library approaches, based on the
idea that phosphate analogues would be a suitable Core, since
PPases interact with and hydrolyze phosphate esters.

Figure 1. Schematic representation of various approaches to
synthesizing chemical libraries: (A) combinatorial chemistry; (B)
diversity-oriented synthesis; (C) focused library approach starting
from natural products. CS, core structure; DS, diversity structure.
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PPases can be roughly categorized into two types, the protein
serine/threonine phosphatase (PPs) and protein tyrosine
phosphatase (PTPs) superfamilies, based on their substrate
specificity.12 Several potent inhibitors of various PPs (such as
PP1, PP2A, and PP2B) have been identified from natural
sources.13 Among them, the clinically used immunosuppres-
sants cyclosporin A and FK506 show selective inhibition of
PP2B (calcineurin) via binding to specific proteins designated
as immunophilins (cyclophilin and FKBP, respectively). The
resulting protein complexes, but not the immunophilins or
immunosuppressants alone, interact with the regulatory domain
(not the catalytic domain) of PP2B to inhibit the phosphatase
activity.14 However, the immunophilins themselves have
important roles in other cellular processes, and we considered
that it would be desirable to develop direct inhibitors of PP2B
that act independently of binding with immunophilins. To
select a suitable Core, we focused on the natural product
cantharidin (Figure 2). Cantharidin is a strong inhibitor of PP1

and PP2A but a very weak inhibitor of PP2B. On the other
hand, preliminary SAR indicated that norcantharidin inhibited
PP2B in addition to PP1 and PP2A.6,15 Furthermore, the
dicarboxylate 1 obtained by hydrolysis of norcantharidin
showed strong inhibition of all three PPs but not PTP1B,
suggesting that the dicarboxylate 1 binds to the conserved
active site of PPs as a phosphate mimic but not to that of PTPs.
Since norcantharidin is easily converted to 1 under aqueous
conditions, we selected norcantharidin as the Core for a library
directed at PPs. Construction of the library resulted in
identification of a highly selective inhibitor of PP2B, NCA-01
(2).6,16 Its methyl ester was found to be stable in water and cell-
permeable, and it inhibited IL2 (interleukin-2) production in
Jurkat cells, probably after hydrolysis by an endogenous
esterase.17 The crystal structure of the complex of PP5

phosphatase with 1 was subsequently reported and was
consistent with our hypothesis. Norcantharidin was indeed
converted to 1, and critical interactions of the two carboxylic
acids with Mn2+ ions located at the active site of PP5 were
observed.18

On the other hand, the catalytic site structures of PTPs are
completely different from those of PPs. A unique loop structure
(P-loop) containing cysteine and arginine residues is highly
conserved in the active site of all PTPs. The PTP superfamily
contains two major subclasses, PTPs, which hydrolyze only
phosphotyrosine, and dual specificity phosphatases (DSPs),
which dephosphorylate both phosphotyrosine and phospho-
serine/threonine on the same proteins.12 Since PTPs and
DSPs, such as CDC25s (cell division cycle 25) and VHR
(vaccinia VH1-related), are considered to be implicated in
various diseases, many inhibitors have already been developed,
as summarized in review articles.19−21 In contrast, there are few
highly selective and nontoxic inhibitors of DSPs effective in
cellulo. The major difficulties in the creation of specific DSPs
inhibitors are the high structural homology of the P-loop and
the shallowness of the active site pocket,22 which recognizes
only the phosphate ester part of large substrates. Hence,
development of potent and selective small-molecular inhibitors
of DSPs that bind at the active site is challenging.
To address this problem, we planned to utilize a focused

library approach with a phosphate-mimicking Core. Among
several natural product inhibitors, we chose RK-682 (3, Figure
3A), which inhibits VHR.23 The 3-acyltetronic acid structure is
highly acidic (calculated pKa of 3 = 3.1) and exists in
dissociated form under physiological conditions. Since 4-Me-
RK-682 (4, Figure 3B) showed negligible inhibition of VHR,
we expected the anionic form of 3, which structurally resembles
the putative transition state of dephosphorylation (Figure 3C),
to be a suitable phosphate-mimicking Core (dotted square,
Figure 3A). Figure 3D shows the hypothetical binding mode of
the Core with the P-loop, together with two sites at which
diversity structures could be installed. In this case, diversity
structures were expected to act as discriminators for selective
inhibition of individual DSPs via interaction with unique amino
acids around the active site. To test this hypothesis, we
constructed FL-1st (Figure 3E, Scheme 1) and evaluated the
inhibitory activities. Indeed, some compounds (5 and 6, Figure
3F) with different inhibitory profiles from that of 3 were found
in FL-1st.7 But highly selective DSP inhibitors were not
obtained. Furthermore, most of the compounds in FL-1st were
found to be ineffective in cellulo, probably due to low cell
membrane permeability, which can be attributed to the highly
acidic and/or their detergent-like property. In other words,
employing a phosphate-mimicking scaffold with a similar acidic
nature to the substrate phosphate ester proved to be a
reasonable strategy to develop DSP inhibitors that were
effective in vitro but was unsuccessful in obtaining inhibitors
active in cellulo. The same problem has been encountered
elsewhere; for example, most reported VHR inhibitors contain
an acidic functionality such as sulfonic acid,24 and their effects
in cellulo either have not been reported or are weaker than
expected from the inhibitory potency in vitro. Therefore, we
concluded that a Core without high acidity should be employed
to construct a second-generation library.

Figure 2. (A) Structures of cantharidin, norcantharidin, and derivatives
1 and 2, and illustration of a focused library based on norcantharidin
core. (B) Crystal structure of PP5 complexed with norcantharidin
(PDB 3H61). DS, diversity structure.
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3. CORE STRUCTURE MODIFICATION FROM ACIDIC
TO NEUTRAL: SECOND-GENERATION FOCUSED
LIBRARY

We had initially assumed that the 3-acyltetronate anion Core
13 would be a suitable mimic of phosphate ester in view of its
planar structure and anion-delocalized nature (Figure 4A). But
we speculated that the anionic structure would not be essential
if the critical oxygen atoms have a sufficiently high electron
density to act as hydrogen bond acceptors. Therefore, we
selected enamine structure 14 (Figure 4A), which is easily

obtainable from 3-acyltetronic acid as an equilibrated mixture of
E- and Z-isomers simply by treatment with primary amines.
The enamine structure was expected to act as a neutral
surrogate (calculated pKa = 18.3) of an anion-delocalized
phosphate ester (Figure 4A). The electrostatic potential map
predicted by DFT calculation indicated that electrons were still
delocalized into the two oxygen atoms owing to the
contribution of the nitrogen lone pair (Figure 4B). Although
the total electron density was decreased in enamine 14
compared with 3-acyltetronate 13, we anticipated that enamine
14 would be a suitable Core for membrane-permeable PPase
inhibitors and accordingly designed a second-generation library
(FL-2nd, RE derivatives, Figure 4C). An additional advantage
of this new Core was the acquisition of an additional diversity
structure installation site. The availability of three diversity
structures would allow preparation of a more diverse library,
and the variety of combinations could provide a way to tune the
inhibitory potency and selectivity. In other words, electrostatic
and hydrogen-bonding interactions between the active site P-
loop and enamine Core 14 would be weakened due to the
decreased electron density of the Core, but this would be
compensated by the potential availability of three diversity
structures as enhancers of affinity.
FL-2nd was prepared as shown in Scheme 2A. Its members

were racemic compounds, in which Core was initially
constructed and then diversity structure (DS-1 and DS-2)
were introduced sequentially. The inhibitory potency of these
compounds toward several DSPs and PTPs was tested in vitro.
Surprisingly, most of the RE derivatives inhibited VHR,
CDC25A, and CDC25B but not other enzymes, including
CDC25C, several mitogen-activated protein (MAP) kinase
phosphatases (MKPs), phospholipase A2, and heparanase25

(Figure 5A). Since the parent natural product 3 showed
inhibitory activities toward all of these enzymes, the inhibitory
selectivity was dramatically increased by modification of the
Core in combination with introduction of an additional
substituent on the nitrogen atom. Furthermore, the selectivity

Figure 3. (A) Structure and dissociated structure of RK-682 (3) and reported inhibitory activities toward PPases. (B) Structure of 4-Me-RK-682 (4).
(C) Putative transition state in dephosphorylation by PTPs and DSPs. (D) Putative binding mode of compounds in FL-1st. (E) Schematic structure
of FL-1st. (F) Structures of two representative DSP inhibitors (5 and 6). DS, diversity structure.

Scheme 1. Synthetic Routes to FL-1sta

aDS, diversity structure.
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Figure 4. (A) Resonance structures of 3-acyltetronate 13 and equilibrium between E- and Z-isomers of enamine 14. (B) Electrostatic potential map
of 13 and 14 (Gaussian09, B3LYP/6-311G+(d,p); images were made by Gaussview 5.0). (C) Schematic illustration of FL-2nd with the enamine
core. DS, diversity structure.

Scheme 2. Synthesis of FL-2nd (A) through 3-Acyltetronic Acid 12 or (B) by Direct Coupling between 20 and 21a

aDS, diversity structure.

Figure 5. (A) Structures of four representative DSP inhibitors (3, 15−17) and their inhibitory activities toward several PPases and proliferation of
HL60 cells. (B) Inhibitory activities of 16 and 18 toward VHR in the presence of NP-40 and proliferation of HeLa cells. DS, diversity structure.
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was found to be variable depending on the substituent
(discriminator) on the nitrogen. Among the compounds
obtained, RE12 (16) was a potent and selective VHR
inhibitor,26 and RE44 (17)27 showed preferential inhibition
of CDC25A/B (especially CDC25B) over VHR (Figure 5A).
As we expected, the RE derivatives showed improved cell

membrane permeability. As shown in Figure 5A, RE derivatives
showed antiproliferative activity toward HL-60 cells, though the
parent compound 3 was inactive even at 100 μM. It was
difficult to investigate whether RE derivatives inhibit DSP
activity in cells, both because their inhibitory activity was only
moderate and because of the variability of phosphorylation
states of DSP substrates in cells. Eventually, we confirmed the
inhibitory effects of RE derivatives on VHR and CDC25s by
using NIH3T3 or tsFT210 cells, in which the cell cycle was
synchronized at G0 or G2/M phase by serum starvation or
culture at 39 °C, respectively. Serum-stimulation of G0-arrested
NIH3T3 cells triggered a synchronized and transient increase
of the phosphorylation level of extracellular signal-regulated
kinases (ERKs) and c-Jun N-terminal kinases (JNKs) through
activation of the MAP kinase cascade. VHR-inhibiting RE
derivatives 15 and 16 retarded dephosphorylation of these
MAP kinases. Hyperphosphorylation of these MAP kinases is
known to block cell cycle progression, and indeed 15 and 16
caused G0/G1 arrest. VHR, MKPs, and atypical DSPs are
considered to be responsible for dephosphorylation of ERKs
and JNKs. Since 15 and 16 do not inhibit MKPs, suppression
of dephosphorylation would be caused by the inhibition of
VHR by RE derivatives in cells.26 On the other hand,
interesting results were obtained in tsFT210 cells having two
point mutations on the cdc2 gene. Dephosphorylation of the
cdc2 gene product, cyclin-dependent kinase 1 (CDK1), is
essential for G2-M phase transition. Dephosphorylation of
CDK1 did not occur in tsFT210 cells at 39 °C, and the cells
were arrested at G2 phase. However, when the cells were
cultured at 32 °C, dephosphorylation of CDK1 proceeded,
triggering cell cycle progression from G2/M phase to G1 phase.
CDC25A/B inhibitors 15 and 17 inhibited both dephosphor-
ylation of CDK1 and cell cycle progression. It is noteworthy
that the selective VHR inhibitor RE12 (16) is much less potent
than 15 and 17.27 Subtype-selective inhibitors would be key
tools to explore the biological functions of CDC25s. Indeed,
our results indicate that CDC25C has little role in cell cycle
progression of tsFT210 cells, since RE derivatives lacking
CDC25C-inhibitory activity arrested cell cycle.
Overexpression of CDC25A/B has been reported in several

cancer cell lines, and thus, many CDC25 inhibitors have been
developed in both academic institutes and pharmaceutical
companies. As summarized in several excellent reviews,28,29

most of the potent inhibitors, including the natural product
adociaquinone B,30 are quinone derivatives, which equally
inhibit all three subtypes of CDC25s with submicromolar IC50
values; most of them also strongly inhibit proliferation of
cancer cells. Thus, constructing a library with a quinone moiety
as the Core is superficially attractive. But it was reported that
oxidation of the catalytic cysteine residue of CDC25s by
reactive oxygen species (ROS) generated by electrophilic
quinone derivatives is involved in their mode of action.31 ROS
can have undesirable effects in cells. In contrast, the RE
derivatives did not generate ROS either in vitro or in cells, and
this may be one of the reasons for the low toxicity and high
selectivity of RE derivatives among the subtypes of CDC25.

Relatively high concentrations of these prototype RE
derivatives were required for growth inhibition of some cell
lines, such as VHR-overexpressing HeLa cells. Therefore, RE
derivatives could still be improved. We speculated that the long
alkyl chain might be associated with low solubility in aqueous
media, as well as nonspecific hydrophobic binding with various
biomolecules that would limit access of the RE derivatives to
the target phosphatases. But we found that shortening the alkyl
chain or addition of a small amount of neutral detergent NP-40
to the assay buffer diminished their inhibitory potency in vitro
(Figure 5B).32 Thus, we planned to replace the straight alkyl
chain with other hydrophobic groups containing aromatic rings.
For SAR study of diversity structure DS1, we established a new
direct coupling method between the tetronic acid derivative 19
and thioimidates 23, which were readily obtainable from 20 and
21 (Scheme 2B).33 This method avoids the use of inconvenient
amphiphilic 3-acyltetronic acid derivatives such as 21 as
synthetic intermediates and facilitates the synthesis of new
derivatives with various DS1 units. Based on the side-chain
structure of SA compounds24 that are sulfonate-based VHR
inhibitors, the benzyloxyphenyl group was introduced as DS1
with various connection modes. Among the synthesized
compounds, RE176 (18) was identified as a VHR inhibitor
effective even in the presence of NP-40 (Figure 5B).33

Interestingly, RE176 (18) was a potent antiproliferative agent
for HeLa cells, whereas VHR-selective RE12 (12) was less
potent.

4. BINDING SITE OF RE DERIVATIVES: ROLE OF THE
NEW CORE STRUCTURE

We identified several DSPs inhibitors, but lack of structural
information for enzyme−inhibitor complexes as to their
binding mode hampered rational design of superior inhibitors.
Although the structure of VHR in complex with an SA
compound was recently reported,24 no CDC25−inhibitor
complex structure is available. For FL-1st, we had chosen an
anionic phosphate mimic as the Core, which was expected to
interact with the active-site P-loop. However, kinetic analysis of
RE derivatives 15 and 17 with CDC25A and CDC25B,
respectively, revealed noncompetitive inhibition with respect to
small-molecular substrate 3-O-methylfluorescein phosphate
(OMFP).34 Therefore, we set out to identify the binding site
of RE derivatives. For this purpose, alkyne-modified RE
derivatives 24−26 were designed based on 15; they were
expected to bind covalently with CDC25s (Figure 6).
Copper(I)-mediated azide−alkyne cycloaddition technology
was adopted to evaluate the efficiency of covalent bond
formation, and Michael acceptor-type 24 was found to possess
the best reactivity with CDC25A among the compounds
examined. Nevertheless, binding site identification with 24 was
unsuccessful, presumably because of low covalent bond-forming
efficiency or low solubility of the resulting peptide−24
conjugate. Thus, we decided to transform 24 into RE142
(27, Figure 6), which incorporates the biotin moiety as a tool
for enrichment of the target peptide conjugate, PEG linkers to
increase the solubility, and the chemically cleavable diazo-
benzene moiety35,36 to enable facile elution from avidin beads.
The procedure finally adopted for binding site identification is
illustrated in Figure 7. Analysis of the peptides covalently
modified with cRE142 (28, Figure 6) by means of LC-MS/MS
revealed that cRE142 (28) bound to one of residues C384,
R385, and Y386. Consideration of their chemical reactivities
suggested that C384 is most plausible candidate for the
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covalently modified amino acid residue.34 Modification of more
reactive catalytic C430 by RE142 (27) was not detected,
demonstrating that 27 has specificity for its binding site.
Based on the crystal structure of CDC25B complex with

sulfate salt, the shallow active-site pocket surrounded by the P-
loop and the neighboring deeper pocket designated as the
“swimming pool”37 are proposed to be potential binding sites
for inhibitors (Figure 8A, right).38 Some inhibitors, such as
NSC66328431,39 and vitamin K analogues,40 covalently bind to
an amino acid residue in the active site. Others are proposed to
interact with the neighboring binding site on the basis of
molecular modeling,41,42 though no experimental evidence is
available to support this idea. The neighboring pocket is not
obvious in the crystal structure of CDC25A in the absence of
any ligand (Figure 8A, left).43 But a homology model of
CDC25A constructed from the crystal structure of CDC25B
with sulfate suggested that the neighboring pocket would be

available in CDC25A (Figure 8A, center).34 In this model,
C384 as well as R385 and Y386 are located at the bottom of the
swimming pool. The experimental finding that RE142 (27)
modified one of these residues is therefore clear evidence that
RE derivatives bind to this neighboring pocket.34

However, the mechanism through which RE derivatives
noncompetitively inhibit enzymatic activity of CDC25A/B
remains to be established. We speculate that RE derivatives
influence critical conformational changes that lead to the
transition state of dephosphorylation by interacting with the
swimming pool site. It has already been proposed that the
swimming pool in CDC25B is deformed by binding of the
native substrate CDK2(pT14pY15)−cyclin A complex.44 A
plausible hypothesis is that RE derivatives alter the orientation
of R436 residue in CDC25A (corresponding to R479 in
CDC25B); this amino acid is essential for the enzymatic
activity.34 The fact that the side-chain orientations of this
arginine residue in the crystal structures of CDC25s with and
without the sulfate are different indicates that it is conforma-
tionally flexible (Figure 8A), and this lends support to our
hypothesis.
The C-terminal region in both CDC25A/B is highly

flexible,45 and this region (after A551 in CDC25B) is invisible
in crystal/solution structures. However, the C-terminus of
CDC25B was shown to be involved in recognition of the native
substrate CDK2(pT14pY15)−cyclin A complex and in the
enzymatic activity, suggesting that interaction between the C-
terminus of CDC25A/B and protein substrates plays an
important role. The two arginine residues of CDC25B (R556
and R562) are likely to be especially important, because double
mutation of these residues resulted in a dramatic decrease of
the dephosphorylation activity of CDC25B toward the native
substrate, though not toward artificial small-molecule sub-
strates.46 We speculate that RE derivatives interact with
arginine residue(s) in the C-terminus as a mimic of Y15
phosphate in CDK2 or of acidic amino acid residues (D38/E42
in CDK2 are candidates to interact with the two arginines46)
(Figure 8B). In this connection, it is interesting that these basic
amino acid residues are conserved in CDC25A (K513 and
R519) but not in CDC25C (L460 and L466) (Figure 8C). This
is consistent with the idea that interaction of RE derivatives
with the C-terminal region of CDC25A/B is the origin of the
observed high selectivity of RE derivatives for CDC25A/B over
CDC25C.

Figure 6. Structures of 24−26, RE142 (27), and cRE142 (28).

Figure 7. Schematic representation of the procedure for binding site identification using RE142 (27).
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5. CONCLUSIONS

We have presented an Account of our work to develop PPases
inhibitors by employing a focused library approach and some
results of biological studies using the developed inhibitors. In
the focused library approach, appropriate selection of the Core
is a central issue, and we found that modification from 3-
acyltetronic acid in our first-generation library to its enamine
derivative as a Core dramatically increased selectivity for DSPs,
as well as improving cell membrane permeability. We identified
RE derivatives with unique enzyme and subtype selectivities,
and these are expected to be useful chemical probes to
investigate biological functions of PPases. Interestingly, Core
modification changed the mechanism of inhibition, which
accounts for the high selectivity toward VHR and CDC25A/B.
These RE derivatives are the first inhibitors proven
experimentally to bind the neighboring pocket of CDC25A,
not the active site pocket. The tetronic acid derivative 3 was a
competitive inhibitor of VHR, but interaction with a second
phosphate-binding site near the active site was also suggested
on the basis of kinetics and molecular modeling studies.47 Thus,
our work has identified the neighboring pocket, which likely
plays a role in recognition of the specific native protein
substrate, as a promising target for novel DSPs inhibitors.48

Further expansion of the library size of FL-2nd may lead to
identification of selective inhibitors of other DSPs, such as
MKPs.49

■ AUTHOR INFORMATION

Corresponding Authors

*Fax: +81-48-462-4666. E-mail: gohirai@riken.jp.
*Fax: +81-48-462-4666. E-mail: sodeoka@riken.jp.

Author Contributions

The manuscript was jointly written by both authors. Both
authors have given approval to the final version of the
manuscript.

Funding

The work described was partially supported by Project Funding
from RIKEN, a grant from Uehara Memorial Foundation, and
Grants-in-Aid for Scientific Research (No. 16073203, No.
15310144, No. 26102744, No. 24102534, and No. 19710195).

Notes

The authors declare no competing financial interest.

Biographies

Go Hirai received his Ph.D. degree (2002) from Tohoku University
under the guidance of Professor Masahiro Hirama. He joined the
IMRAM, Tohoku University, in 2002 as an assistant professor. He
became a research scientist in the synthetic organic chemistry
laboratory at RIKEN in 2004 and was promoted to senior research
scientist in 2010.

Mikiko Sodeoka received her Ph.D. (1989) from Chiba University.
After working at Sagami Chemical Research Center, she joined the
faculty of Hokkaido University. After working at Harvard University
and the University of Tokyo, she became a group leader at Sagami

Figure 8. (A) Representations of the active site in the crystal structure of CDC25A (PDB 1C25, left) and in a homology model of CDC25A
complexed with sulfate (center) made from the crystal structure of CDC25B in the presence of sulfate salt (PDB 1QB0, right), together with surface
models. Water molecules are shown as red dots; the active site pocket surrounded by the P-loop and the neighboring pocket (so-called swimming
pool) are shown as blue dotted circles. (B) Schematic model of CDC25B. In the crystal structure, the “swimming pool” is partially constituted by C-
terminal amino acids (shown in blue); other C-terminal amino acids after A551 are invisible in the crystal structure. The C-terminal region including
the two arginine residues (R556 and R562) can be located near the swimming pool. (C) C-Terminal amino acid sequences of CDC25s.

Accounts of Chemical Research Article

DOI: 10.1021/acs.accounts.5b00048
Acc. Chem. Res. 2015, 48, 1464−1473

1471

mailto:gohirai@riken.jp
mailto:sodeoka@riken.jp
http://dx.doi.org/10.1021/acs.accounts.5b00048


Chemical Research Center in 1996 and moved to the University of
Tokyo as an associate professor. In 2000, she moved to Tohoku
University as a full professor. Since 2006, she has been chief scientist at
RIKEN.

■ ACKNOWLEDGMENTS

We thank Prof. Hiroyuki Osada for long-term collaboration
with our research group on chemical biology projects using
natural product derivatives. We also thank all our colleagues,
whose names will be found in our publications listed in the
reference section.

■ DEDICATION

This Account is dedicated to Prof. Iwao Ojima for his 70th
birthday.

■ REFERENCES
(1) Bannwarth, W., Hinzen, B., Eds. Combinatorial Chemistry: From
Theory to Application; Methods and Principles in Medicinal Chemistry,
Vol. 26; Wiley-VCH Verlag GmbH & Co. KGaA: Weinheim,
Germany, 2006.
(2) Trabocchi, A., Ed. Diversity-Oriented Synthesis: Basics and
Applications in Organic Synthesis, Drug Discovery, and Chemical Biology;
John Wiley & Sons, Inc.: Hoboken, NJ, 2013.
(3) Schreiber, S. L. Target-oriented and diversity-oriented organic
synthesis in drug discovery. Science 2000, 287, 1964−1969.
(4) As a recent example: Huigens, R. W., III; Morrison, K. C.;
Hicklin, R. W.; Flood, T. A., Jr.; Richter, M. F.; Hergenrother, P. J. A
ring-distortion strategy to construct stereochemically complex and
structurally diverse compounds from natural products. Nat. Chem.
2013, 5, 195−202.
(5) Wetzel, S.; Bon, R. S.; Kumar, K.; Waldmann, H. Biology-
oriented synthesis. Angew. Chem., Int. Ed. 2011, 50, 10800−10826.
(6) Baba, Y.; Hirukawa, N.; Tanohira, N.; Sodeoka, M. Structure-
based design of a highly selective catalytic site-directed inhibitor of
Ser/Thr protein phosphatase 2B (calcineurin). J. Am. Chem. Soc. 2003,
125, 9740−9749.
(7) Sodeoka, M.; Sampe, R.; Kojima, S.; Baba, Y.; Usui, T.; Ueda, K.;
Osada, H. Synthesis of a tetronic acid library focused on inhibitors of
tyrosine and dual-specificity protein phosphatases and its evaluation
regarding VHR and cdc25B inhibition. J. Med. Chem. 2001, 44, 3216−
3222.
(8) Stockwell, B. R. Exploring biology with small organic molecules.
Nature 2004, 432, 846−854.
(9) Baba, Y.; Ogoshi, Y.; Hirai, G.; Yanagisawa, T.; Nagamatsu, K.;
Mayumi, S.; Hashimoto, Y.; Sodeoka, M. Design, synthesis, and
structure-activity relationship of new isobenzofuranone ligands of
protein kinase C. Bioorg. Med. Chem. Lett. 2004, 14, 2963−2967.
(10) Copeland, R. A. Evaluation of Enzyme Inhibitors in Drug
Discovery: A Guide for Medicinal Chemists and Pharmacologists; John
Wiley & Sons, Inc.: Hoboken, NJ, 2013.
(11) Arino, J., Alexander, D., Eds. Protein Phosphatases; Topics in
Current Genetics; Springer-Verlag: Berlin, Heidelberg, Germany,
2004.
(12) Alonso, A.; Sasin, J.; Bottini, N.; Friedberg, I.; Osterman, A.;
Godzik, A.; Hunter, T.; Dixon, J.; Mustelin, T. Protein tyrosine
phosphatases in the human genome. Cell 2004, 117, 699−711.
(13) McCluskey, A.; Sim, A. T.; Sakoff, J. A. Serine-threonine protein
phosphatase inhibitors: Development of potential therapeutic
strategies. J. Med. Chem. 2002, 45, 1151−1175.
(14) Schreiber, S. L.; Albers, M. W.; Brown, E. J. The cell cycle, signal
transduction, and immunophilin-ligand complexes. Acc. Chem. Res.
1993, 26, 412−420.
(15) Sodeoka, M.; Baba, Y.; Kobayashi, S.; Hirukawa, N. Structure-
activity relationship of cantharidin derivatives to protein phosphatases
1, 2A1, and 2B. Bioorg. Med. Chem. Lett. 1997, 7, 1833−1836.

(16) Baba, Y.; Hirukawa, N.; Sodeoka, M. Optically active cantharidin
analogues possessing selective inhibitory activity on Ser/Thr protein
phosphatase 2B (calcineurin): Implications for the binding mode.
Bioorg. Med. Chem. 2005, 13, 5164−5170.
(17) Shimizu, T.; Iizuka, M.; Matsukura, H.; Hashizume, D.;
Sodeoka, M. Synthesis of optically pure norcantharidin analogue
NCA-01, a highly selective protein phosphatase 2B inhibitor, and its
derivatives. Chem.Asian J. 2012, 7, 1221−1230.
(18) Bertini, I.; Calderone, V.; Fragai, M.; Luchinat, C.; Talluri, E.
Structural basis of serine/threonine phosphatase inhibition by the
archetypal small molecules cantharidin and norcantharidin. J. Med.
Chem. 2009, 52, 4838−4843.
(19) Lyon, M. A.; Ducruet, A. P.; Wipf, P.; Lazo, J. S. Dual-specificity
phosphatases as targets for antineoplastic agents. Nat. Rev. Drug
Discovery 2002, 1, 961−976.
(20) Zhang, Z. Y. Protein tyrosine phosphatases: Structure and
function, substrate specificity, and inhibitor development. Annu. Rev.
Pharmacol. Toxicol. 2002, 42, 209−234.
(21) Bialy, L.; Waldmann, H. Inhibitors of protein tyrosine
phosphatases: Next-generation drugs? Angew. Chem., Int. Ed. 2005,
44, 3814−3839.
(22) Yuvaniyama, J.; Denu, J. M.; Dixon, J. E.; Saper, M. A. Crystal
structure of the dual specificity protein phosphatase VHR. Science
1996, 272, 1328−1331.
(23) Hamaguchi, T.; Sudo, T.; Osada, H. RK-682, a potent inhibitor
of tyrosine phosphatase, arrested the mammalian cell cycle progression
at G1phase. FEBS Lett. 1995, 372, 54−58.
(24) Wu, S.; Vossius, S.; Rahmouni, S.; Miletic, A. V.; Vang, T.;
Vazquez-Rodriguez, J.; Cerignoli, F.; Arimura, Y.; Williams, S.; Hayes,
T.; Moutschen, M.; Vasile, S.; Pellecchia, M.; Mustelin, T.; Tautz, L.
Multidentate small-molecule inhibitors of vaccinia H1-related (VHR)
phosphatase decrease proliferation of cervix cancer cells. J. Med. Chem.
2009, 52, 6716−6723.
(25) Ishida, K.; Hirai, G.; Murakami, K.; Teruya, T.; Simizu, S.;
Sodeoka, M.; Osada, H. Structure-based design of a selective
heparanase inhibitor as an antimetastatic agent. Mol. Cancer Ther.
2004, 3, 1069−1077.
(26) Hirai, G.; Tsuchiya, A.; Koyama, Y.; Otani, Y.; Oonuma, K.;
Dodo, K.; Simizu, S.; Osada, H.; Sodeoka, M. Development of a
vaccinia H1-related (VHR) phosphatase inhibitor with a nonacidic
phosphate-mimicking core structure. ChemMedChem 2011, 6, 617−
622.
(27) Tsuchiya, A.; Hirai, G.; Koyama, Y.; Oonuma, K.; Otani, Y.;
Osada, H.; Sodeoka, M. Dual-specificity phosphatase CDC25A/B
inhibitor identified from a focused library with nonelectrophilic core
structure. ACS Med. Chem. Lett. 2012, 3, 294−298.
(28) Contour-Galcera, M. O.; Sidhu, A.; Prevost, G.; Bigg, D.;
Ducommun, B. What’s new on CDC25 phosphatase inhibitors.
Pharmacol. Ther. 2007, 115, 1−12.
(29) Lavecchia, A.; Di Giovanni, C.; Novellino, E. CDC25
phosphatase inhibitors: an update. Mini Rev. Med. Chem. 2012, 12,
62−73.
(30) Cao, S.; Foster, C.; Brisson, M.; Lazo, J. S.; Kingston, D. G.
Halenaquinone and xestoquinone derivatives, inhibitors of Cdc25B
phosphatase from a Xestospongia sp. Bioorg. Med. Chem. 2005, 13,
999−1003.
(31) Brisson, M.; Nguyen, T.; Wipf, P.; Joo, B.; Day, B. W.; Skoko, J.
S.; Schreiber, E. M.; Foster, C.; Bansal, P.; Lazo, J. S. Redox regulation
of Cdc25B by cell-active quinolinediones. Mol. Pharmacol. 2005, 68,
1810−1820.
(32) McGovern, S. L.; Helfand, B. T.; Feng, B.; Shoichet, B. K. A
specific mechanism of nonspecific inhibition. J. Med. Chem. 2003, 46,
4265−4272.
(33) Thuaud, F.; Kojima, S.; Hirai, G.; Oonuma, K.; Tsuchiya, A.;
Uchida, T.; Tsuchimoto, T.; Sodeoka, M. RE12 derivatives displaying
Vaccinia H1-related phosphatase (VHR) inhibition in the presence of
detergent and their anti-proliferative activity against HeLa cells. Bioorg.
Med. Chem. 2014, 22, 2771−2782.

Accounts of Chemical Research Article

DOI: 10.1021/acs.accounts.5b00048
Acc. Chem. Res. 2015, 48, 1464−1473

1472

http://dx.doi.org/10.1021/acs.accounts.5b00048


(34) Tsuchiya, A.; Asanuma, M.; Hirai, G.; Oonuma, K.; Muddassar,
M.; Nishizawa, E.; Koyama, Y.; Otani, Y.; Zhang, K. Y.; Sodeoka, M.
CDC25A-inhibitory RE derivatives bind to pocket adjacent to the
catalytic site. Mol. BioSyst. 2013, 9, 1026−1034.
(35) Jaffe, C. L.; Lis, H.; Sharon, N. New cleavable photoreactive
heterobifunctional cross linking reagents for studying membrane
organization. Biochemistry 1980, 19, 4423−4429.
(36) Verhelst, S. H. L.; Fonovic, M.; Bogyo, M. A mild chemically
cleavable linker system for functional proteomic applications. Angew.
Chem., Int. Ed. 2007, 46, 1284−1286.
(37) Rudolph, J. Targeting the neighbor’s pool. Mol. Pharmacol.
2004, 66, 780−782.
(38) Reynolds, R. A.; Yem, A. W.; Wolfe, C. L.; Deibel, M. R., Jr.;
Chidester, C. G.; Watenpaugh, K. D. Crystal structure of the catalytic
subunit of Cdc25B required for G2/M phase transition of the cell
cycle. J. Mol. Biol. 1999, 293, 559−568.
(39) Pu, L.; Amoscato, A. A.; Bier, M. E.; Lazo, J. S. Dual G1 and G2
phase inhibition by a novel, selective Cdc25 inhibitor 6-chloro-7-(2-
morpholin-4-ylethylamino)-quinoline-5,8-dione. J. Biol. Chem. 2002,
277, 46877−46885.
(40) Kar, S.; Lefterov, I. M.; Wang, M.; Lazo, J. S.; Scott, C. N.;
Wilcox, C. S.; Carr, B. I. Binding and inhibition of Cdc25 phosphatases
by vitamin K analogues. Biochemistry 2003, 42, 10490−10497.
(41) Brisson, M.; Nguyen, T.; Vogt, A.; Yalowich, J.; Giorgianni, A.;
Tobi, D.; Bahar, I.; Stephenson, C. R.; Wipf, P.; Lazo, J. S. Discovery
and characterization of novel small molecule inhibitors of human
Cdc25B dual specificity phosphatase. Mol. Pharmacol. 2004, 66, 824−
833.
(42) Lavecchia, A.; Di Giovanni, C.; Pesapane, A.; Montuori, N.;
Ragno, P.; Martucci, N. M.; Masullo, M.; De Vendittis, E.; Novellino,
E. Discovery of new inhibitors of Cdc25B dual specificity phosphatases
by structure-based virtual screening. J. Med. Chem. 2012, 55, 4142−
4158.
(43) Fauman, E. B.; Cogswell, J. P.; Lovejoy, B.; Rocque, W. J.;
Holmes, W.; Montana, V. G.; Piwnica-Worms, H.; Rink, M. J.; Saper,
M. A. Crystal structure of the catalytic domain of the human cell cycle
control phosphatase, Cdc25A. Cell 1998, 93, 617−625.
(44) Sohn, J.; Parks, J. M.; Buhrman, G.; Brown, P.; Kristjansdottir,
K.; Safi, A.; Edelsbrunner, H.; Yang, W.; Rudolph, J. Experimental
validation of the docking orientation of Cdc25 with its Cdk2-CycA
protein substrate. Biochemistry 2005, 44, 16563−16573.
(45) Arantes, G. M. Flexibility and inhibitor binding in cdc25
phosphatases. Proteins 2010, 78, 3017−3032.
(46) Wilborn, M.; Free, S.; Ban, A.; Rudolph, J. The C-terminal tail of
the dual-specificity Cdc25B phosphatase mediates modular substrate
recognition. Biochemistry 2001, 40, 14200−14206.
(47) Usui, T.; Kojima, S.; Kidokoro, S.; Ueda, K.; Osada, H.;
Sodeoka, M. Design and synthesis of a dimeric derivative of RK-682
with increased inhibitory activity against VHR, a dual-specificity ERK
phosphatase: Implications for the molecular mechanism of the
inhibition. Chem. Biol. 2001, 8, 1209−1220.
(48) Lund, G.; Dudkin, S.; Borkin, D.; Ni, W.; Grembecka, J.;
Cierpicki, T. Inhibition of CDC25B phosphatase through disruption of
protein−protein interaction. ACS Chem. Biol. 2015, 10, 390−394.
(49) Dickinson, R. J.; Keyse, S. M. Diverse physiological functions for
dual-specificity MAP kinase phosphatases. J. Cell. Sci. 2006, 119,
4607−4615.

Accounts of Chemical Research Article

DOI: 10.1021/acs.accounts.5b00048
Acc. Chem. Res. 2015, 48, 1464−1473

1473

http://dx.doi.org/10.1021/acs.accounts.5b00048

