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Cdc25 phosphatases have been considered as attractive drug targets for anticancer therapy because of the
correlation of their overexpression with a wide variety of cancers. We have been able to identify five novel
Cdc25 phosphatase inhibitors with micromolar activity by means of a computer-aided drug design protocol
involving the homology modeling of Cdc25A and the virtual screening with the automated AutoDock program
implementing the effects of ligand solvation in the scoring function. Because the newly discovered inhibitors
are structurally diverse and reveal a significant potency with ICsy values lower than 10 uM, they can be
considered for further development by structure—activity relationship studies or de novo design methods.
The differences in binding modes of the identified inhibitors in the active sites of Cdc25A and B are discussed

in detail.

Introduction

Cdc25 phosphatases belong to a class of dual-specificity
phosphatase because they are able to dephosphorylate both a
threonine and a tyrosine side chain of a protein substrate. Of
the three Cdc25 homologues (Cdc25A, Cdc25B, and Cdc25C)
encoded in human genome, Cdc25A and Cdc25B are shown to
have oncogenic properties.' Cdc25A participates in the control
of both Gi-to-S and Gj-to-S transitions in cell cycle by
dephosphorylating and activating cyclin-dependent kinase (Cdk“)/
cyclin complexes, while Cdc25B is mainly involved in regulat-
ing the progression at the Gy-to-M transition.” Thus, Cdc25
phosphatases play a significant role in the regulation of the
eukaryotic cell cycle progression by activating the Cdk/cyclins
that serve as the central regulators of the cell cycle with the
role of driving each state of cell division.

Owing to such an important contribution to the cell cycle
regulation, Cdc25 phosphatases have been considered to be
involved in oncogenic transformations and human cancers. The
overexpression of Cdc25A and Cdc25B has been observed in a
variety of tumor cells including breast cancer,” colon cancer,*’
non-Hodgkin’s lymphoma,® prostate cancer,” pancreatic ductal
adenocarcinoma,® and lung cancer.”'® Recent studies have also
shown the involvement of Cdc25A in the adhesion-dependent
proliferation of acute myeloid leukemia (AML) cells."' Further
evidence for the oncogenic property of Cdc25 phosphatases was
provided by the pharmacological studies in which the treatment
of Cdc25 phosphatase inhibitors retarded the growth of the
cancer cell lines expressing a high level of Cdc25 phos-
phatases.'? It is now most likely that the overexpression of either
Cdc25A or Cdc25B leads to the promotion of cell cycle
progression in cancer cells although a simultaneous overex-
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pression of both homologues was also observed in more
aggressive cancers.'> Thus, the inhibition of Cdc25 phosphatases
may represent a novel approach for the development of
anticancer therapeutics, although more details about the involve-
ment of Cdc25A and Cdc25B overexpression in tumorigenesis
remain to be clarified.

Structural investigations of Cdc25 phosphatases have lagged
behind the mechanistic and pharmacological studies. So far, only
two X-ray crystal structures of the catalytic domains of Cdc25A
and Cdc25B have been reported in their ligand-free forms.'*'
The lack of structural information about the nature of the
interactions between Cdc25 phosphatases and small molecule
inhibitors has made it a difficult task to discover a good lead
compound for anticancer drugs. The structure-based design of
Cdc25 inhibitors has also been hampered by the shallow active
site region exposed to bulk solvent as well as the nucleophilic
reactivity of the thiolate anion of the catalytic cystein residue.
Nonetheless, a number of effective inhibitors of Cdc25 phos-
phatases have been discovered with structural diversity, as
recently reviewed in a comprehensive manner.'®”'® Most of the
Cdc25 inhibitors reported in the literature have stemmed from
either the isolation of new scaffolds by high throughput
screening'® or the generation of the improved derivatives of
pre-existing inhibitor scaffolds.?° >* Binding modes of the newly
found Cdc25 inhibitors have also been addressed with docking
simulations in the active site to gain structural insight into their
inhibitory mechanisms.?> 2’

In the present study, we apply a computer-aided drug design
protocol involving the homology modeling, the structure-based
virtual screening with docking simulations, and in vitro enzyme
assay in a consecutive manner to identify novel classes of potent
Cdc25 phosphatase inhibitors. Virtual screening has not always
been successful because of the inaccuray in the scoring function
that leads to a weak correlation between the enrichment in virtual
screening and binding mode prediction.® The characteristic
feature that disciriminates our virtual screening approach from
the others lies in the implementation of an accurate solvation
model in calculating the binding free energy between Cdc25
phosphatases and putative inhibitors, which would have the
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Cdc25A 332 DPRDLIGDFSKGYLFHTVAGKHQDLKYISPEIMASVLNGKFANLIKEFVIIDCRYPYEYE 391
Cde25B 374 DHRELIGDYSKAFLLQTVDGKHQDLKYISPETMVALLTGKFSNIVDKFVIVDCRYPYEYE 433

Cdc25A 392 GGHIKGAVNLHMEEEVEDFLLKKPIVPTD-GKRVIVVFHCEFSSERGPRMCRYVRERDRL 450
Cde25B 434 GGHIKTAVNLBLERDAESFLLKSPIAPCSLDKRVILIFHCEFSSERGPRMCRFIRERDRA 493

Cdc25a 451 GNEYPKLHYPELYVLKGGYKEFFMKCQSYCEPPSYREHHEDFKEDLKKERTKSRTW 507
Cdc25B 494 VHNDYPSLYYPEMYILKGGYKEFFPQHPNFCEPQDYREMNHEAFKDELKTERLKTRSW 550

Figure 1. Sequence alignment of the catalytic domains of Cdc25A and Cdc25B. The identity and the similarity between the corresponding residues
are indicated in red and green, respectively. The residues constituting the active site are indicated in dotted rectangular box.

M403

effect of hit rate in enzyme assay.”*® Cdc25A is selected as
the target protein in virtual screening instead of Cdc25B because
the former has not been considered in previous docking studies,
and thus, the possibility of discovering the known inhibitors in
a redundant manner should be reduced. The existing X-ray
crystal structure of Cdc25A is inappropriate to be used in
docking simulation of putative inhibitors because the active site
region is maintained flat and exposed to bulk solvent in the
crystallization conditions. Therefore, we use another conforma-
tion of Cdc25A suitable for structure-based virtual screening
that is obtained from the homology modeling. To the best of
our knowledge, we report the first example for the successful
application of the structure-based virtual screening to identify
novel Cdc25 phosphatase inhibitors. It will be shown that the
docking simulation with the improved binding free energy
function can be a valuable tool for enriching the chemical library
with molecules that are likely to have biological activities as
well as for elucidating the observed activity of the identified
inhibitors.

Results and Discussion

Homology Modeling of Cdc25A. Although the X-ray
structure of Cdc25A has been reported, it is inappropriate to be
used in virtual screening because the active site region is
maintained flat and exposed to bulk solvent. Therefore, a proper
conformation of Cdc25A should be obtained from the homology
modeling. Figure 1 displays the sequence alignment of the

(b)

Figure 2. Comparative view of (a) the homology-modeled structure of Cdc25A and (b) the X-ray crystal structure of Cdc25B.

catalytic domains of Cdc25A and Cdc25B, which were used as
the target and the template for homology modeling, respec-
tively.®! According to this alignment, the sequence identity and
the similarity amount to 66.7% and 76.5%, respectively. Judging
from such a high sequence homology, a high-quality 3D
structure of Cdc25A can be obtained in the homology modeling.
It is indeed well-known that the homology-modeled structure
of a target protein can be accurate enough to be used in the
structure-based ligand design as well as in the study of catalytic
mechanism once the sequence identity between target and
template exceeds 60%.>> On the basis of the sequence alignment
shown in Figure 1, 10 structural models of Cdc25A were
calculated and the one with the lowest value of MODELLER
objective function was selected as the final model of Cdc25A
to be used in the subsequent virtual screening with docking
simulations.

Figure 2 shows the structure of Cdc25A obtained from the
homology modeling in comparison to the X-ray structure of
Cdc25B that was used as the template. Of the 10 generated
structural models of Cdc25A, some reveal a significantly
different pattern for side chain packing when compared to the
top-scored one. However, these structures were excluded in this
study because they were poorly scored with a much larger
MODELLER objective function than the best model. As
expected from the high sequence identity, the target and the
template possess a very similar folding structure and are
superimposable over the main chain atoms. Despite the overall
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Figure 3. Comparison of ProSa energy profiles for the homology-
modeled structure of Cdc25A (red) and the X-ray structures of Cdc25A
(green) and Cdc25B (black). For convenience, the amino acids of both
Cdc25 phosphatases are renumbered from 1 instead of retaining their
original numbers.

structural similarity, however, two different structural features
are observed around the active site. We first note that the residue
Met403 near the active site of Cdc25A differs from the
corresponding Leu445 in Cdc25B. As can be seen in Figure 2,
the distances between the former and the neighboring active
site residues (Arg436 and Arg501) are shorter than those
between the latter and the corresponding Arg479 and Arg544
in the active site of Cdc25B. This difference has an effect of
differentiating the accessibility of the active site between the
two phosphatases. The second structural difference around the
active sites is in the position of the Met residue located at
the top of active site. Met488 points toward the cavity of the
active site in Cdc25A, whereas the corresponding Met531 is
directed outward to bulk solvent in Cdc25B. Owing to the two
structural differences, the volume of the active site of Cdc25A
is smaller than that of Cdc25B. Apparently, such a difference
in active site geometry can serve as a clue for designing the
selective Cdc25 phosphatase inhibitors.

The final structural model of Cdc25A obtained from the
homology modeling was evaluated with the ProSa 2003 program
by examining whether the interaction of each residue with the
remainder of the protein is maintained as favorable. This
program calculates the knowledge-based mean fields to judge
the quality of protein folds and has been widely used to measure
the stability of a protein conformation. Figure 3 shows the ProSa
2003 energy profile of the homology-modeled Cdc25A in
comparison to those of the X-ray structures of Cdc25A and
Cdc25B. We note that the ProSa energy remains negative for
each amino acid residue in all three cases, indicating that all
three protein structures should be acceptable. More interestingly,
the homology-modeled structure of Cdc25A reveals a higher
stability than the X-ray structure in most parts of the protein,
further demonstrating the accuracy of the newly obtained
structure of Cdc25A. This result also supports the possibility
that the homology modeling with a high sequence identity and
a high-quality template structure can produce a 3D structure of
a target protein comparable in accuracy to the X-ray crystal
structure.*

Virtual Screening and in Vitro Enzyme Assays. Of the
85 000 compounds subject to the virtual screening with docking
simulation, 200 top-scored compounds were selected as virtual
hits; 182 of them were available from the compound supplier
and were tested for inhibitory activity against Cdc25 phos-

Journal of Medicinal Chemistry, 2008, Vol. 51, No. 18 5535

phatases by in vitro enzyme assays. As a result, we identified
16 compounds that inhibited the catalytic activity of one of the
two Cdc25 phosphatases at least more than 50% at a concentra-
tion of 50 uM. Among them, the five compounds shown in
Figure 4 were most potent with more than 70% inhibition at
the same concentration and were selected to determine ICs
values. It is seen that three of the five inhibitors are similar in
structure: 2-[4-allyl-5-(3-chlorophenyl)-4H-[1,2,4]triazol-3-yl-
sulfanyl]-1-(3,4-dihydroxyphenyl)ethanone 3 and 2-[4-(4-chlo-
rophenyl)-5-p-tolyl-4H-[1,2,4]triazol-3-ylsulfanyl]-1-(3,4-dihy-
droxyphenyl)ethanone 4 have a common 1-phenyl-2-(5-phenyl-
4H-[1,2,4]triazol-3-ylsulfanyl)ethanone scaffold, and the triazole
moiety is replaced with the tetrazole ring in 1-(3,4-dihydrox-
yphenyl)-2-[2-(4-methoxyphenyl)-2H-tetrazol-5-ylsulfanyl]etha-
none 2. To the best of our knowledge, none of the five inhibitors
have been reported as a Cdc25 inhibitor so far in the literature
and patent. This indicates the usefulness of the homology-
modeled structure of Cdc25A as an appropriate receptor model
for the structure-based design of new Cdc25 phosphatase
inhibitors. As shown in Table 1, all five inhibitors have a higher
potency than the two known inhibitors, 6 (NSC 95397) and 7
(Cpd 5),% against both Cdc25 phosphatases with the ICsq values
lower than 10 M for Cdc25A. We note that the ICs value of
6 determined in this study is higher than those obtained by the
other groups; Lazo et al. reported that it was a submicromolar
inhibitor,?® whereas its ICsq value was in the micromolar range
in another study.?® These differences may be due to a strong
dependence of the ICs values on the experimental conditions
of in vitro inhibition assay for Cdc25 phosphatases. It is also
noteworthy that 2 and 2-{2-[5-(4-chlorophenyl)furan-2-yl]vi-
nyl }-6-mercapto-4-oxo-1-phenyl-1,2,3,4-tetrahydropyrimidine-
5-carbonitrile 5 exhibit about 4-fold higher activity against
Cdc25A than against Cdc25B. The appearance of this selectivity
is not surprising because the virtual screening was carried out
using Cdc25A as the target protein. Judging from the novelty
and the potency of the newly discovered inhibitors, they may
deserve further development for anticancer drugs by structure—
activity relationship or de novo design studies.

In order to provide experimental evidence for binding of the
identified inhibitors in the active site of Cdc25 phosphatases,
we have performed the steady-state kinetics evaluation of the
inhibitors using Cdc25A and O-methylfluorescein phosphate as
the target protein and the substrate, respectively. Compound 3
was excluded in this kinetic study because of its close structural
similarity to the more potent inhibitor 4. The 96-well microtiter
plate assay was employed in this study using 30 mM Tris (pH
8.5), 75 mM NaCl, 1 mM EDTA, 1 mM DTT, and the reaction
buffer of 0.033% BSA. The results of the kinetic studies are
summarized in Figure 5. The Lineweaver—Burk plots indicate
that all of the newly discovered inhibitors act like a competitive
inhibitor of Cdc25A, suggesting that they inhibit the catalytic
activity of Cdc25 phosphatases through the binding in the
catalytic site. This allows the rationalization of the relative
potencies of the inhibitors based on the comparison of their
binding modes in the active site of Cdc25 phosphatases.

Molecular Modeling Studies of the Identified Inhibitors. To
obtain some energetic and structural insight into the inhibitory
mechanisms by the newly identified inhibitors of Cdc25
phosphatases, their binding modes in the active sites of Cdc25A
and Cdc25B were investigated using the AutoDock program
with the procedure described in Experimental Section. The
calculated binding modes of the most potent inhibitor 4 in the
active sites of the two Cdc25 phosphatases are compared in
Figure 6. It is seen that the inhibitor is bound to the two
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Figure 4. Chemical structures of the newly identified Cdc25 inhibitors (1—5) and the two known inhibitors (6 and 7).

Table 1. ICsy Values (in uM) of the Newly Identified Inhibitors 1—5
and the Two Known Inhibitors (6 and 7) against Cdc25 Phosphatases

inhibitors Cdc25A Cdc25B
1 427 £0.71 5.44 £0.19
2 4.07 £0.28 14.16 £ 0.67
3 3.28 £0.08 4.67 £0.42
4 0.82 £ 0.41 1.98 £0.44
5 3.31£0.50 12.64 & 0.37
6 5.49 £0.29 19.17 £0.33
7 456 £0.11 23.63 £0.80

homologues in different ways most probably because of the
aforementioned difference in active site geometry. While both
of the two phenolic oxygens are hydrogen-bonded to the side
chain carboxylate groups of the two Glu residues (Glu474 and
Glu431) in the active site in Cdc25B, only one forms a hydrogen
bond with one Glu residue (Glu389) in that of Cdc25A. It is
common to the two binding configurations that the inhibitor
carbonyl group forms a hydrogen bond with a backbone amidic
nitrogen. The presence of multiple hydrogen bonds in the two
active sites indicates that the dihydroxyphenylcarbonyl moiety
can play the role of anchor for binding of 4 in the active site of
Cdc25 phosphatases. Although the triazole moiety of the
inhibitor points outward and inward at the active sites of Cdc25A
and Cdc25B, respectively, it is situated in the vicinity of the
side chains of the catalytic Arg residues in both cases. Judging
from the proximity to the Arg residues in the active site, the
triazole moiety may serve as a surrogate for the substrate
phosphate group. Another characteristic structural feature that
discriminates the Cdc25A—4 complex from the Cdc25B—4 one
lies in that the terminal toluene moiety is stabilized by
hydrophobic interactions with the side chains of Trp507 and
Arg501 in the former, whereas it is exposed to bulk solvent in
the latter. The involvement of such hydrophobic interactions in
the Cdc25A—4 complex seems to compensate for the weakening
of the hydrogen bond interactions compared to the Cdc25B—4
complex, which can be an explanation for the little higher
activity of 4 against Cdc25A than against Cdc25B.

To address the importance of the two active-site Glu residues
in ligand binding, we carried out docking simulations of the
inhibitor 4 in the active sites of mutant enzymes Cdc25A and
B in comparison to the wild type Cdc25 phosphatases. Com-
pound 4 was selected in this comparative analysis because it is
most potent among the inhibitors found in this study. The
mutations of E389 and E431 of Cdc25A into alanine lead to

1.2 and 0.8 kcal/mol increase in the binding free energy,
respectively, when compared to that for 4 in the active site of
wild type. Similarly, 4 is predicted to be less stabilized in the
active site of E431A and E474A mutants of Cdc25B by 1.0
and 1.3 kcal/mol, respectively, than in the active site of the wild
type. These results indicate the significant role of the two active-
site Glu residues in the stabilization of the inhibitor through
the formation of multiple hydrogen bonds.

Compound 2 possesses a tetrazole ring instead of the
triazole as the surrogate for the substrate phosphate group
and exhibits more than 3-fold higher inhibitory activity
against Cdc25A than against Cdc25B. Therefore, a compari-
son of its binding modes in the two Cdc25 phosphatases is
likely to be informative for designing selective inhibitors.
Figure 7 shows the lowest-energy AutoDock conformations
of 2 in the active sites of Cdc25A and Cdc25B. The calculated
binding modes are similar to those of 4 in that the phenolic
and carbonyl oxygens serve as the hydrogen bond donor and
the acceptor with respect to the side chain carboxylate group
of Glu residues and the backbone amidic nitrogen in the
active site, respectively. This may be a confirmation for the
role of anchor for binding played by the dihydroxyphenyl-
carbonyl moiety of the inhibitor. The tetrazole group of the
inhibitor is stabilized by three Arg residues in the active site
of Cdc25A with the two hydrogen bonds with Arg436 and
Arg501, whereas it is directed to bulk solvent in Cdc25B.
This indicates more stabilization of the inhibitor tetrazole
group in the active site of Cdc25A, which may provide an
explanation for the more than 3-fold higher inhibitory activity
against Cdc25A. However, such a moderate selectivity of 2
for Cdc25A seems to be due to the formation of another
hydrogen bond between the terminal anisole moiety and the
side chain of Arg544 in the active site of Cdc25B, which
can compensate in part for the absence of the interactions
between the tetrazole moiety and the Arg residues.

In order to assess the roles of the active-site Arg residues of
Cdc25A and B in the stabilization of 2, we have performed the
mutational analysis at positions 501 for Cdc25A and 544 for
Cdc25B. The R501A and R501K mutants of Cdc25A and the
corresponding R544A and R544K mutants of Cdc25B were
constructed with the QuickChange site-directed mutagenesis kit
(Stratagene) and confirmed by DNA sequence analysis. These
Cdc25 phosphatase mutant proteins were purified by the same
method as the wild types. Compared in Table 2 are the binding
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Figure 5. Lineweaver—Burk plots for the inhibition Cdc25A by (a) 1, (b) 2, (c) 4, and (d) 5. The concentrations of the inhibitors are 0, 30, 50,
75, and 90 uM. Is3 is fluorescence intensity at 530 nm. The K; values calculated from kinetic data are also indicated.

4 W550

W507

Figure 6. Calculated binding modes of 4 in the active sites of (a) Cdc25A and (b) Cdc25B. Carbon atoms of the protein and the ligand are
indicated in green and cyan, respectively. Each dotted line indicates a hydrogen bond.

affinities of 2 for the wild-type Cdc25A and B with those for
the mutants of Cdc25 phosphatases. We note that the mutation
of Cdc25B at position 544 from Arg to Ala or Lys has little
effect on the ICsy value of 2, which indicates the insignificant
role of Arg544 in the stabilization of 2 in the active site of
Cdc25B. On the other hand, the ICs, value of 2 increases from
4 to 12 uM in going from wild type Cdc25A to the RS01A

mutant whereas it remains almost unchanged in the RS01K
mutant. This implies that 2 should be stabilized in the active
site of Cdc25A through the interaction with a hydrogen-bond
donating residue at position 501. These mutational analyses for
Cdc25A and B are consistent with the above docking results
indicating the greater hydrogen-bond stabilization of 2 by the
positively charged residues in the active site of Cdc25A than
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Figure 7. Calculated binding modes of 2 in the active sites of (a) Cdc25A and (b) Cdc25B. Carbon atoms of the protein and the ligand are
indicated in green and cyan, respectively. Each dotted line indicates a hydrogen bond.

Table 2. ICsy Values (in uM) of 2 against the Wild-Type and Mutant
Cdc25 Phosphatases

Cdc25A Cdc25B
wild type  R501A R501K  wild type R544A R544K
4.07 £ 0.28 12.07 + 0.46 6.09 £ 0.45 14.16 £ 0.67 16.02 + 0.60 17.40 = 0.32

in that of Cdc25B. Judging from the consistency between the
experimental and computational results, the capability of forming
a hydrogen bond with the active-site Arg residue is likely to
serve as a determinant for the selectivity of Cdc25 phosphatases.

2-(3,4-Dimethylphenylamino)-5-(3-furan-2-ylallylidene)thi-
azol-4-one 1 exhibits similar inhibitory activity against Cdc25A
and Cdc25B. Its binding modes in the active sites of the two
Cdc25 phosphatases are compared in Figure 8. We note that
the furan ring of 1 is situated deep in the active site of Cdc25B
while it resides at the entrance of active site in Cdc25A. A
difference in binding modes is also observed in the pattern for
hydrogen bond formation; 1 forms two hydrogen bonds with
the backbone amidic nitrogen in the active site of Cdc25B
compared to only one in that of Cdc25A. These structural
features indicate a higher inhibitory activity of 1 against Cdc25B.
However, the terminal o-xylene moiety of the inhibitor is
stabilized in Cdc25A by hydrophobic interactions with the side
chains of Met403, Glu404, and Ser504, whereas it is exposed
to bulk solvent in the Cdc25B—1 complex. Thus, the involve-
ment of a stronger hydrophobic interaction in Cdc25A-1 than
in Cdc25B-1 can be an explanation for the similar potency of
1 for the two Cdc25 phosphatases.

As a check for the accuracies of the calculated binding modes
of the newly identified inhibitors in the active sites of Cdc25
phosphatases, the flexible docking simulations were carried out
with AutoDock 4 in which the motional flexibilities of the side
chains shown in Figures 6—8 were taken into account. The
binding configurations obtained from the precedent docking
simulations were used as the starting structures. The results show
that the root-mean-square deviation of the binding configuration
from the initial structure remains within 1.2 A in all six cases,
which supports the plausibility of the calculated binding modes
described above. A similar binding mode was also proposed
for vitamin K derivative inhibitors in which the surrogate group
for the substrate phosphate moiety proved to be stabilized near
the catalytic cysteine residue through the formation of multiple
hydrogen bonds in the active site.?” Thus, it is demonstrated in
this study that the docking simulation with the improved binding

free energy function can be a useful tool for elucidating the
observed activities of the identified inhibitors.

Experimental Section

Homology Modeling of Cdc25A. Although the X-ray crystal
structure of Cdc25A has been reported in a ligand-free form,'* it
is inappropriate to be used in docking simulation of putative
inhibitors because the active site region is maintained flat and
exposed to bulk solvent in the crystallization condition. In order to
obtain another conformation of Cdc25A suitable for structure-based
virtual screening, we therefore carried out the homology modeling
using the X-ray structure of Cdc25B as a template. This homology
modeling started with the retrieval of the peptide sequence of human
Cdc25A comprising 524 amino acid residues from the SWISS-
PROT protein sequence data bank (http://www.expasy.org/sprot/;
accession number P30304).** Sequence alignment between the
catalytic domains of Cdc25A and Cdc25B was then derived with
the ClustalW package®* using the BLOSUM matrices for scoring
the alignments. The parameters of GAP OPEN, GAP EXTENTION,
and GAP DISTANCE were set equal to 10, 0.05, 8, respectively.
Opening and extension gap penalties were thus changed systemati-
cally, and the obtained alignment was inspected for violation of
structural integrity in the structurally conserved regions. On the
basis of the best-scored sequence alignment, the three-dimensional
structure of the catalytic domain of Cdc25A was constructed using
the MODELLER 6v2 program.*® In this model building, we
employed an optimization method involving conjugate gradients
and molecular dynamics to minimize the violations of the spatial
restraints. With respect to the structure of gap regions, the
coordinates were built from a randomized distorted structure that
is located approximately between the two anchoring regions as
implemented in MODELLER 6v2. To increase the accuracy of
calculated structure, the loop modeling was also performed with
the enumeration algorithm.*® Then we calculated the conformational
energy of the predicted structure of Cdc25A with ProSa 2003
program®” for the purpose of evaluation.

Virtual Screening of Cdc25 Phosphatase Inhibitors. We used
the AutoDock program®® in the structure-based virtual screening
of Cdc25 phosphatase inhibitors because the outperformance of its
scoring function over those of the others had been shown in several
target proteins.®® The atomic coordinates of Cdc25A obtained from
the homology modeling were used as the receptor model in the
virtual screening with docking simulations. Special attention was
paid to assign the protonation states of the ionizable Asp, Glu, His,
and Lys residues. The side chains of Asp and Glu residues were
assumed to be neutral if one of their carboxylate oxygens pointed
toward a hydrogen-bond accepting group including the backbone
aminocarbonyl oxygen at a distance within 3.5 A, a generally
accepted distance limit for a hydrogen bond of moderate strength.*®
Similarly, the lysine side chains were protonated unless the NZ
atom was in proximity to a hydrogen-bond donating group. The
same procedure was also applied to determine the protonation states
of ND and NE atoms in His residues. The catalytic cysteine residues
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Figure 8. Calculated binding modes of 1 in the active sites of (a) Cdc25A and (b) Cdc25B. Carbon atoms of the protein and the ligand are
indicated in green and cyan, respectively. Each dotted line indicates a hydrogen bond.

were set to be deprotonated in both Cdc25 phosphatases to be
consistent with its role of nucleophile in the catalytic mechanism.
The neighboring Glu residues (Glu431 of Cdc25A and Glu474 of
Cdc25B) were assumed to be ionized because of the presence of
hydrogen-bond donating groups and the absence of any hydrogen-
bond accepting group in the vicinity of the two carboxylate oxygens
in both homology-modeled structure of Cdc25A and X-ray structure
of Cdc25B.

The docking library for Cdc25A comprising about 85 000
compounds was constructed from the latest version of Interbioscreen
database (http://www.ibscreen.com) containing approximately 30 000
natural and 290 000 synthetic compounds. This selection was based
on druglike filters that adopt only the compounds with physico-
chemical properties of potential drug candidates*' and without
reactive functional group(s). All of the compounds included in the
docking library were then subjected to the Corina program to
generate their three-dimensional atomic coordinates, followed by
the assignment of Gasteiger—Marsilli atomic charges.** Docking
simulations with AutoDock were then carried out in the active site
of Cdc25A to score and rank the compounds in the docking library
according to the binding affinity for Cdc25A.

In the actual docking simulation of the compounds in the docking
library, we used the empirical AutoDock scoring function improved
with a new solvation model for a compound. The modified scoring
function has the following form:
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where Wyaw, Whbonds Welees Wior, and Wy, are weighting factors of
van der Waals, hydrogen bond, electrostatic interactions, torsional
term, and desolvation energy of inhibitors, respectively. r; represents
the interatomic distance, and A, By, Cj;, and Dj; are related to the
depths of energy well and the equilibrium separatlons between the
two atoms. The hydrogen bond term has an additional weighting
factor, E(?), representing the angle-dependent directionality. With
respect to the distant-dependent dielectric constant, &(r;;), a sig-
moidal function proposed by Mehler et al.** was used in computing
the interatomic electrostatic interactions between the receptor protein
and its putative ligands. In the entropic term, N, is the number of
rotatable bonds in a ligand. In the desolvation term, S; and V; are
the solvation parameter and the fragmental volume of atom i,**
respectively, while Occ;™ stands for the maximum atomic
occupancy. In the calculation of molecular solvation free energy

term in eq 1, we used the atomic parameters recently developed
by Kang et al.** because those of the atoms other than carbon were
unavailable in the current version of AutoDock. This modification
of the solvation free energy term is expected to increase the accuracy
in virtual screening because the underestimation of ligand solvation
often leads to the overestimation of the binding affinity of a ligand
with many polar atoms.*°

The docking simulation of a compound in the docking library
started with the calculation the 3D grids of interaction energy for
all of the possible atom types present in chemical database. These
uniquely defined potential grids for the receptor protein were then
used in common for docking simulations of all compounds in the
docking library. For the center of the common grids in the active
site, we used the center of mass coordinates of the docked structure
of 6, whose binding mode in the active site of Cdc25B had been
widely investigated by a variety of docking simulations.*> 2’ The
calculated grid maps were of dimension 61 x 61 x 61 points with
the spacing of 0.375 A, yielding a receptor model that includes
atoms within 22.9 A of the grid center. For each compound in the
docking library, 10 docking runs were performed with the initial
population of 50 individuals. Maximum number of generations and
energy evaluation were set to 27 000 and 2.5 x 10°, respectively.
Docking simulations with AutoDock were then carried out in the
active site of Cdc25A to score and rank the compounds in the
docking library according to the binding affinity for Cdc25A.

In Vitro Enzyme Assay. The catalytic domains of the two Cdc25
phosphatases (Cdc25A, residues 336—523; Cdc25B, residues
378—566) were overexpressed in E. coli by using pET28a
(Novagen) with 6xHis tag in the N-terminus. The overexpressed
Cdc25 phosphatases were purified by Ni-NTA affinity resin
(Qiagen) and frozen (—75 °C) in a buffer containing 20 mM Tris-
HCI, pHS8.0, 0.2 M NaCl, and 5 mM DTT until enzyme assay. In
the phosphatase assay using 96-well plates, the reaction mixture
included 180 uL of reaction buffer (20 mM Tris-HCI, pH 8.0, 0.01%
Triton X-100, 5 mM DTT) with 10 uM 6,8-difluoro-4-methylum-
belliferyl phosphate (DiIFMUP, Molecular Probe), 10 4L of enzyme
(30nM Cdc25A or 20nM Cdc25B), and 10 uL of a DMSO dissolved
inhibitor. The reaction was performed for 20 min at room
temperature and stopped by adding 1 mM sodium orthovanadate
(final concentration). The fluorescence was measured (355 nm
excitation and 460 nm emission) by a plate reader. ICs values were
estimated at least three times, and the averaged values were used
in Table 1. As the positive controls for the enzyme inhibition assay,
we used 6 and 7 shown in Figure 4. These compounds have
micromolar inhibitory activity against Cdc25 phosphatases and are
known to be one of the most potent growth inhibitors of various
tumor cell lines.*>*’ The steady-state kinetic evaluations of
compounds 1, 2, 4, and 5 were performed using Cdc25A and
O-methylfluorescein phosphate as the target protein and the
substrate, respectively. The 96-well microtiter plate assay developed
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by Rice et al.*® was employed in this study using 30 mM Tris (pH
8.5), 75 mM NaCl, 1 mM EDTA, 1 mM DTT, and the reaction
buffer of 0.033% BSA. The concentrations of the inhibitors were
0, 30, 50, 75, and 90 uM. The concentration of product was
monitored by the intensity of fluorescence (480 nm excitation and
530 nm emission). The resulting kinetic data were then converted
to Lineweaver—Burk plots.

Conclusions

We have identified five new novel inhibitors of Cdc25
phosphatases by applying a computer-aided drug design protocol
involving the homology modeling of Cdc25A and the structure-
based virtual screening with the automated AutoDock program
implementing the effects of ligand solvation in the scoring
function. These inhibitors are structurally diverse and exhibit a
significant potency with ICsg values ranging from 0.8 to 15 uM.
Therefore, the newly discovered inhibitors can provide the new
scaffolds for further development of anticancer drugs by
structure—activity relationship studies or de novo design
methods. It is shown from a detailed binding mode analysis
with docking simulation that the binding of the inhibitors in
the active site of Cdc25B can be facilitated by the establishment
of multiple hydrogen bonds with the side chain and backbone
groups. The formation of such hydrogen bonds becomes less
favorable in the case of Cdc25A because of the decrease in
active site volume. For this reason, the hydrophobic interactions
with the residues near the active site can also play a significant
role in stabilizing the inhibitors in the active site of Cdc25A.
This may serve as key information for future designing of
the selective Cdc25 inhibitors. The present study demonstrates
the usefulness of the automated AutoDock program with the
improved scoring function as a new docking tool for virtual
screening as well as for binding mode analysis to elucidate the
activities of identified inhibitors.
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