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Cdc23 phosphatases have been considered as attractive drug targets for anticancer therapy due to the correlation of
their overexpression with a wide variety of cancers. We have been able to 1dentify five novel Cde25 phosphatase
inhibitors with micromolar activity by means of a structure-based de novo design method with a known inhibitor
scaffold. Because the newly discovered inhibitors are structurally diverse and have desirable physicochemical
properties as a drug candidate, they deserve further investigation as anticancer drugs. The diftferences in binding
modes of the identified inhibitors in the active sites of Cde25A and B are addressed in detail.
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Introduction

Cde23 phosphatases are able to dephosphoryvlate both a
threonine and a tvrosine side chain of a protein substrate. and
therefore belong to a class of dual-specificity phosphatase. Of
the three Cdc25 homologues (Cde25A. Cde25B. and Cde25C)
encoded in human genome, Cdc23A and Cdc23B are shown
to have oncogenic propenies.1 Cdc23A acts on the control of
Gi-to-S and G--to-S transitions in cell cvcle whereas Cde25B
1s mainly responsible for regulating the progression at the
Gz-to-M transition.” Cde25 phosphatases can thus serve as the
central regulators of the cell cvcle with the role of driving each
state of cell division. So far. several lines of experimental
evidences have been provided for the involvement of Cdc25
phosphatases in oncogenic transformations and various human
cancers.” The inhibition of Cdc25 phosphatases may thus
represent a novel approach for the development of anticancer
therapeutics.

Structural studies of Cdc23 phosphatases have lagged
behind the mechanistic and pharmacological studies. The X-
ray crystal stuctures of the catalvtic domains of Cdc23A and
Cdc23B have been reported so far in their ligand-free forms
only. * The lack of structural information about the nature of
the interactions between Cdc23 phosphatases and small mole-
cule inhibitors has made it a difficult task to discover a good
lead compound for anticancer drugs. Nonetheless. a number
of effective inhibitors of Cdc23 phosphatases have been
discovered with structural diversity as recently reviewed ina
comprehensive mamner.” " Most of the Cdc23 inhibitors
reported in the literature have stemmed from either the iso-
lation of new scaffolds by high throughput screenjng“ or the
generation of the improved derivatives of pre-existing inhibitor
scaffolds.""" Binding modes of the newly found Cdc25 inhi-
bitors have also been addressed with docking simulations in
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Figure 1. Chemical structures of the inhibitor scaffold under inves-
ngation.

the active site to gain structural insight into their inhibitory
mechanisms.™’

Recently. we have identified several novel classes of Cdc25
phosphatase inhibitors with micromolar activity based on the
structure-based virtual screening with docking simulations.™
All of these inhibitors proved to be competitive in the Line-
weaver-Burk plots and include 9-mercapto-4-oxo-1-phenyl-
2-(5-phenvl-furan-2-y1)-1.2.3-tetrahydro-pyrimidine-5-carbo-
nitrile 1 that is shown in Figure 1. In present study. we apply
a de novo design approach to find the derivatives of this
inhibitor scaffold that have an improved inhibitory activity
with good physicochemical properties as a drg candidate.
The characteristic feature that disciriminates our de novo
design approach from the others lies in the implementation of
an accurate solvation model in calculating the binding free
energy between Cdc23 phosphatases and the putative inhi-
bitors. which would have an effect of increaseing the accracy
in predicting the binding affiuit_\-'.]g On the basis of docking
simulations. we will also address the interactions of the newly
identified inlibitors with the active site residues of Cdc25
phosphatases.
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LigBuilder program™ was used in the structure-based de
novo design of Cde23 phosphatase using the crvstal structure
of Cdc25B (PDB entry: lewr).” Inorder to score the derivatives
according to the relative binding affinity, the program employs
the empirical binding free energy function including van der
Waals. hvdrogen bond. electrostanc and entropic terms.”
Gasteiger-Marsilli atomic charges were used for both pro-
teins and ligands in the calculation of the electrostatic interac-
tion term. The current scoring function of LigBuilder lacks a
solvation term although the effects of ligand solvation have
been shown to be critically important in protein-ligand inter-
actions.”” Therefore, the solvation free energy function deve-
loped by Kang er o/~ was added to improve the original sco-
ring function. The inhibitor scaffold identified in the previous
virtual screening (1 in Figure 1) was used as the starting
structure of de novo design. The first step to design the new
derivatives was to analyze the binding pocket of the active site
using the POCKET module. The structure of Cdc23B in
complex with 1 obtained from docking simulations with the
AutoDock program™ were used as the input for POCKET to
find the keyv interaction residues in the active site. In this
docking simulation. we emploved the improved scoring
function with the new solvation model that had been shown to
enhance the accuracies of predicting the binding mode and the
free energy of binding in protein-ligand association.™ **° The
next step involved the generation of the derivatives of 1 by
applving the genetic algorithm as implemented in the GROW
module. The bioavailability rules were also applied to screen
the derivatives with good physicochemical properties as a
drug

The catalvtic domains of the two Cdc23 phosphatases
(Cdc25A: residues 336-523: Cdc25B: residues 378- 566)
were overexpressed in £ cofi by using pET28a (Novagen)
with 6xHis tag in the N-terminus. The overexpressed Cde25
phosphatases were purified by Ni-NTA affinity resin (Qiagen)
and frozen (-75 °C) in a buffer of pH 8.0 containing 20 mM
Tris-HCL. 0.2 M NaCl. and 5 mM DTT until enzyme assay. In
the phosphatase assav using 96 well plates, the reaction
mixture included 180 uL of reaction buffer (20 mM Tris-HC.
0.01% Triton X-100. and 3 mM DTT) with 10 pM 6.8-difluoro-
4-methylumbellifery] phosphate (DiFMUP. molecular probe).
10 uL of enzvme (30 nM Cde23A or 20 nM Cde23B). and 10
1L of a designed putative inhibitor dissolved in DMSO. The
reaction was performed for 20 min at room temperature and
stopped by adding 1 mM sodium orthovanadate (final concen-
tration). The fluorescence was measured (355 nm excitation
and 460 nm emission) by a plate reader. [Cs; values were then
estimated at least two times and the averaged values were
selected. As the positive controls for the enzyme inhibition
assay, we used the Cde23 phosphatase inhibitor known as Cpd
5. This compound has micromolar inhibitory activity against
Cdc23 phosphatases and are known to be one of the most

P . : 9.0
potent growth inhibitors of various mumor cell lings.™ " The
[Cs; values of Cpd 3 were found to be 4.6 and 23.6 uM for
Cde23A and Cdc25B. respectively. in the present enzyvime
assay.
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In the present structure-based de novo design study. we
explore the substituent space on the promising core at five
positions to identify the substituents that can enhance the
inhibitory activity against Cdc23 phosphatases with the desir-
able physicochemical properties as a drug candidate. This de
novo design was operated by varving the substituents to
optimize the binding free energy with the core structure being
kept fixed. Structures were evolved from the substitution
points of the hvdrogen atoms attached to the molecular core.
10000 derivatives were generated and scored according to the
calculated binding affinities. The top-scored 300 molecules
were then selected and checked for commercial availability.
Finally. 96 derivatives of 1 were purchased from InterBio-
Screen Ltd. (http:/www.ibscreen.com) and tested for inhibi-
tory activities against Cd¢25A and B.

Of the 96 derivatives of 1 tested for the inhibitory activities
against Cdc25A and B. five were found to have 1Csq values
less than 10 pM for at least one of the two Cdc25 phosphatases.
Table 1 lists the structures and ICsq values of the newly found
inhibitors. We note that most of the derivatives exhibit a
higher inhibitory activity for Cdc23B than for Cdc25A. This
is not surprising because the structure-based de novo design
was carried out using the 3-D structure of Cdc23B. It is also
noteworthy that the chloride atom should be a suitable
substituent at R~ and R™ positions on the terminal phenyl ring
of 1. A nitro group is also allowed at R’ position for the
micromolar inhibitory activities. Judging from the absence of
asubstituent at R' and R positions. the vacancies in one of the
ortho and meta positions with respect to the adjacent furan
ring seem to be indispensable for the micromolar inhibitory
activities. All of the inhibitors shown in Table 1 satisfy the
Lipinski's “Rule of Five™ for physicochemical properties as a
drug candidate.” " indicating that they deserve further investiga-
tion as an anticancer drug.

Table 1. Structures and mlubitory activities of the derivatives of 1.
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Figure 2. Calculated binding modes of 1e in the active sites of (a)
Cdc235A and (b) Cdc25B. Each dotted line indicates a hvdrogen
bond.

To obtain some energetic and structural insight into the
inhibitory mechanisms by the newly identified inhibitors of
Cde23 phosphatases. their binding modes in the active sites of
Cdc25A and B were investigated using the AutoDock pro-
gmm.:4 The calculated binding modes of the most potent
inhibitor 1e in the active sites of the two Cdc25 phosphatases
are compared in Figure 2. Some substantial differences are
observed in the binding modes in the active sites of the two
Cdc25 phosphatases: the terminal phenyl ring of 1e resides at
the entrance of active site in the Cdc23A-1e complex whereas
it is situated deep in the active site of Cdc25B. establishing a
hvdrophobic contact with the side chains of Tvr428, Arg479.
and Met53 1. The involvement of stronger hydrophobic inter-
actions in the Cdc23B-1e complex than in the Cdc23A-1e one
can be invoked to explain the differences in [Cs; values of the
derivatives of 1 for the two Cdc25 phosphatases. The dichloro-
pheny! group of 1e points toward the side chains of Arg and
Tyr residues in Cdc25A-1e and Cde25B-1e complexes. res-
pectively. Despite such differences in the overall binding con-
figurations. the patterns for the formation of hydrogen bonds
appear to be similar in the two complexes. As can be seen in
Figure 2, the cvano and furan moieties of le receive the
hydrogen bonds from the side chains of Ser (Ser434 in
Cdc23A and Ser477 in Cdc25B) and Arg residues (Arg436 in
Cdc25A and Arg479 in Cde25B) in the active sites of Cdc25A
and B, respectively. It is also comumon to the two binding
configurations that the thiol moiety of the inhibitor attached to
6-mercapto-2.3-dihydro- 1 Z-pyrimidin-4-one ring interacts
with the catalytic Cys residues (Cvs430 in Cdc23A and
Cys479 in Cde25B) at a distance within 4.5 A. Judging from
the proximity to the Cys residues in the active site. 6-mer-
capto-2.3-dihydro- L A-py rimidin-4-one ring seems to serve as
a surrogate for the phosphate group of the substrate of Cde25
phosphatases.

The difference in binding modes of the inhibitor in the
active sites of the two Cdc23 phosphatases can be attributed to
the difference in the active-site geometry. In this regard. the
volume of the active site of Cdc25A is known to be smaller
than that of Cdc23B due to the differences in the positioning
of the side chains of Leud03 and Met488 in Cdc25 A and those
of the corresponding Leu443 and Met331 in Cdc23B."® This
is consistent with the results of the current docking simu-
lations in which the terminal phenyl group of le is situated
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deeper in the active site of Cdc235B than in that of Cdc23A.
Despite the differences in the active site geometry and in the
binding modes. the inhibitor appears to be stabilized in a
similar way through the establishment of multiple hvdrogen
bonds and hydrophobic contacts with active-site residues of
the twwo Cdc23 phosphatases.

Conclusions

We have identified five novel Cdc25 phosphatase inhibitors
with micromolar activities based on the structure-based de
novo design approach with the inhibitor scaffold including
6-mercapto-2,3-dihydro-1 H-pyrimidin-4-one moiety. The mo-
dified scoring function with a suitable solvation energy term
was used in this de novo design. Although the inhibitor is
found to be bound in different ways in the active sites of the
two Cdc25 phosphatases. it is a common feature of the binding
modes that the inhibitor should be stabilized through the
simultaneous establishments of multiple hydrogen bonds and
hydrophobic interactions. The newly found inlubitors deserve
further investigation as anticancer drugs because they have
desirable physicochemical properties as a drug candidate.
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