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ABSTRACT: Cell division cycle 25 (Cdc25) proteins are highly conserved
dual specificity phosphatases that regulate cyclin-dependent kinases and
represent attractive drug targets for anticancer therapies. To discover more
potent and diverse inhibitors of Cdc25 biological activity, virtual screening
was performed by docking 2.1 million compounds into the Cdc25B active
site. An initial subset of top-ranked compounds was selected and assayed,
and 15 were found to have enzyme inhibition activity at micromolar
concentration. Among these, four structurally diverse inhibitors with a
different inhibition profile were found to inhibit human MCF-7, PC-3, and
K562 cancer cell proliferation and significantly affect the cell cycle
progression. A subsequent hierarchical similarity search with the most
active reversible Cdc25B inhibitor found led to the identification of an
additional set of 19 ligands, three of which were confirmed as Cdc25B
inhibitors with IC50 values of 7.9, 4.2, and 9.9 μM, respectively.

■ INTRODUCTION
The cyclin-dependent kinases (Cdk) have important functions
in the progression of the eukaryotic cell cycle.1 One of the
major mechanisms of cell cycle progression is the regulation of
the activities of Cdk1, Cdk2, and Cdk4 by phosphorylation and
dephosphorylation. The cell division cycle 25 proteins
(Cdc25s) are dual-specificity phosphatases (DSPs) that
dephosphorylate conserved threonine and tyrosine residues,
thereby activating the Cdk-cyclin complexes, which regulate
progression through the cell cycle. Mammalian cells express
three Cdc25, Cdc25A, -B, and -C. Cdc25A mainly controls G1/
S progression, whereas Cdc25B and Cd25C predominantly
activate G2/M transition.2,3 Mutation analysis has recently
revealed that Cdc25A controls both G1/S and G2/M phases
and is sufficient for executing a normal cell cycle.4−7 It is now
believed that all three Cdc25 isoforms cooperate to play
essential roles in the temporal and spatial regulation of the
Cdks during all stages of the cell cycle.8−11

Cdc25s have been associated to oncogenic transformation in
mice and elevated expression of Cdc25A and Cdc25B at the
mRNA and/or protein level has been reported in a wide variety
of primary human tumors with poor prognosis such as breast

cancer,12 colon cancer,13 non-Hodgkin’s lymphoma,14 prostate
cancer,15 pancreatic ductal adenocarcinoma,16 and lung
cancer.17 Enhanced expression of Cdc25A and Cdc25B in
tumors correlates with specific clinical and pathological
features: higher-grade or later-stage tumors, more aggressive
tumors, and a shorter disease-free survival.8,9 Recent findings
described the involvement of Cdc25A in the adhesion-
dependent proliferation of acute myeloid leukemia cells.18

The inhibition of Cdc25 phosphatases may thus represent a
novel approach for the development of anticancer therapeutics.
The crystal structure of the ligand-free form of catalytic

domain of Cdc25A (PDB ID: 1C25)19 and Cdc25B (PDB ID:
1QB0)20 has been solved at 2.3 Å and 1.9 Å resolution,
respectively. Both phosphatases contain the conserved HCX5R
protein tyrosine phosphatase catalytic-site motif, which can be
superimposed with all other active site loops in protein tyrosine
phosphatases (PTPs) with known structures.10,11 Although the
overall structure of the catalytic domains of the two Cdc25
phosphatases is similar, key differences in the positions of some
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residues believed to be essential for catalysis have been
identified. For example, the carbonyl backbone of residue 434
in Cdc25A (residue 477 in Cdc25B) points toward the region
where the phosphate should accommodate, which is the
opposite of that observed with Cdc25B and other PTPs. In
addition, E431 side chain in Cdc25A points into the catalytic
site, narrowing the cavity in opposition to the corresponding
E474 side chain residue in Cdc25B.19 Another important
difference involves the location of the side chain for R436 in
Cdc25A, which appears to be misplaced when compared to the
structures of the Cdc25B catalytic domain and other known
phosphatases. Cdc25A fails to bind oxyanions in its catalytic
site, whereas Cdc25B readily binds tungstate and sulfate in a
way similar to other PTPs and DSPs. The other diversities
between the Cdc25B and Cdc25A catalytic domains reside in
the C-terminal region (residues 531−547, Cdc25B numbering).
This region of Cdc25B, which is well ordered in the crystal
structure, contains an α-helix that is positioned against the bulk
of the protein, in the region exposed to the solvent. Some
residues of the helix, such as M531 and R544, point toward the
active-site cleft, whereas in the Cdc25A core structure this
region is undefined. Thus, the active-site region of Cdc25A is
maintained in a flat conformation and exposed to bulk solvent,
whereas the structure of the catalytic domain of Cdc25B reveals
a shallow and small active site, located next to a large cavity,
defined as a “swimming pool” by Rudolph21 for the many well-
organized water molecules contained (Figure 1).

Over the past few years, several synthetic and natural
molecules with different structural features targeting Cdc25
activity have been reported.10,22,23 Their structures are reported
in Chart 1. The most potent ones share the para-quinone
moiety such as the thio-ether derivative Cpd 5, which inhibits
Cdc25 activity in Hep3B cells24 or NSC-95397 which blocks
cell cycle at the G2/M transition.25 Adociaquinone B is a
natural product isolated from a marine sponge that inhibits in
vitro Cdc25B activity with an IC50 value of 70 nM.26 More
recently, BN-82685 was demonstrated to inhibit in vivo the
growth of human pancreatic MiaPaCa2 tumors xenografted on

athymic nude mice.27 IRC-083864 containing two quinone
nuclei is the most potent Cdc25 inhibitor with an IC50 value of
∼20 nM, which also exhibits antiproliferative properties against
MiaPaCa2 and LNCaP cell lines and xenografted tumors.28

Binding modes of the newly found Cdc25 inhibitors have
also been addressed with docking simulations in the active site
to gain structural insight on the inhibitory mechanisms.25,29,30

Many of these molecules contain reactive groups and can, for
example, covalently modify the catalytic cysteine residue
(C473) through sulfhydryl arylation or could form an ether
linkage with serine residues. Moreover, the redox properties of
the quinones can also potentially generate toxic oxygen
species.31,32 Redox cycling and oxidative stress are initiated by
the single electron reduction of quinones by NADH-
cytochrome P450 oxidoreductase, NADH-cytochrome b5
oxidoreductase, and NADH-ubiquinone oxidoreductase.33

This may cause toxicity to normal tissue, thus reducing the
therapeutic usage of these molecules. This suggests that novel
inhibitors lacking such reactive groups would be very valuable
to assist in the development of new antineoplastic agents.
Here we report the discovery of small molecule inhibitors of

Cdc25 phosphatase activity. These molecules were identified by
a combination of experimental and virtual screenings of both
National Cancer Institute (NCI) Diversity Set and ZINC34

databases. We identified molecules that inactivate/inhibit
Cdc25B at micromolar concentration in vitro, inhibit breast
(MCF-7), prostate (PC-3), and leukemia (K562) cancer cell
proliferation, and significantly affect the cell cycle progression.

■ RESULTS
Validation of the Docking Method. Initial docking

calculations were performed using phosphorylated amino acid
substrates to evaluate Cdc25B as a structural model for virtual
screening as well as to test the performance of the GLIDE35

docking and scoring. Phosphothreonine and phosphotyrosine
were docked to the Cdc25B active site. GLIDE determined
similar binding positions for both compounds, with lowest
predicted GLIDE XP scores of −6.70 and −6.26 kcal/mol for
phosphothreonine and phosphotyrosine, respectively. The
calculated structural determinants of the phosphate group of
these compounds matched well with the location of a free
sulfate molecule observed in the Cdc25B crystal structure20

(Figure 1) that should mimic the incoming phosphate group of
the substrate.

Identification of Lead Compounds Using GLIDE with
the NCI Diversity Set and ZINC Databases. Following the
success of the control dockings, virtual screening calculations
were performed with the Cdc25B crystal structure model, using
a database of compound structures from the NCI Diversity Set
and ZINC. The distribution of the GLIDE XP scores for the
best-ranked 128 compounds from the NCI Diversity Set and
the best-ranked 80 compounds from the ZINC database is
shown in Figure 2.
The NCI Diversity Set delivers many significantly lower XP

Gscores that likely result in more potent inhibitors. The average
molecular weight for the best-scoring 128 compounds from the
NCI Diversity Set is 237.8; the corresponding value for the best
80 ZINC-compounds is 234.8. The complexes for the best-
ranked 128 compounds from the NCI Diversity Set resulting
from the XP processing and the best-ranked 80 XP hits from
the ZINC database were submitted to display and visual
inspection. Many well-ranked structures were considered
unlikely, as they display poor conformations including twisted

Figure 1. Control docking results. The lowest energy docked positions
of phosphothreonine (pink) and phosphotyrosine (light-blue) are
shown as stick representations surrounded by a blue ribbon model of
Cdc25B (1QB0). The catalytic site and the adjacent deeper and larger
“swimming pool” pocket containing several water molecules in red are
displayed as light-gray Connolly surface. For the ligands, oxygen is red,
nitrogen blue, and phosphorus orange. The crystallographic sulfate is
shown in yellow.
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amide and ester groups or overlay short nonbonded contacts.
Three primary binding modes were observed: ligands bound to
either one of the two binding sites (catalytic or adjacent
“swimming pool”) as well as to the connection area joining
these two cavities. A larger number of hits were found to bind
to the catalytic site rather than to the “swimming pool”. Final
selection of compounds also took into account chemical
diversity, properties predicted by the QikProp program,36 and
QikProp alerts concerning potentially undesirable chemical
substructures. Structural diversity in compound selection is
desired to provide alternative lead series for optimization.
Ultimately, 23 compounds from NCI Diversity Set and seven
compounds from the ZINC database were selected for in vitro
testing (Figure 3).
Before biochemical evaluation, these hits were inspected on a

large electronic collection of organic chemistry (CrossFire
Beilstein) using the MDL CrossFire Commander.37 Additional
searches were performed using the PubChem compound
database,38 a publicly available source of chemical and
biological information for small molecules, including results
from NCI anticancer drug screenings. Of utmost importance
was the finding that none of the 30 selected compounds had
been previously tested as a Cdc25 inhibitor.

In Vitro Assay of Inhibition Activity. The selection of
compounds for further analysis was based on an in vitro
Cdc25B inhibition assay in which the cutoff was set so that a
compound with at least 30% inhibition at 100 μM was defined
as active. According to these criteria, 15 active compounds were
identified; their percent of inhibition on Cdc25A, -B, and -C
activity is reported in Table 1. Compounds 5, 11, and 19
exhibited the highest percentage of inhibition of Cdc25A and
-B activity. In particular, compounds 5 and 11 showed a ∼100%
inhibition of Cdc25A, -B, or -C activity, whereas compound 19
showed a ∼80% inhibition of both Cdc25A and -B and a 63%
inhibition of Cdc25C.
To assess the reversibility of Cdc25 phosphatase inhibitors,

we used a dilution method described previously.39 Briefly,
Cdc25B was preincubated for 20 min with the different
inhibitors (100 μM) or with DMSO, as a vehicle control; after a
10-fold dilution of the incubation mixture, the residual enzyme
activity was measured. The data reported in Figure 4 show that
compounds 5 and 11 led to a complete inhibition of Cdc25B
activity. Therefore, the lack of functional recovery after the 10-
fold dilution suggests that these molecules act as irreversible
inhibitors. In contrast, the enzyme activity was almost
completely restored in the presence of compounds 7, 12, 13,
16, 20, 21, 23, and 27, so they were classified as reversible
inhibitors (Figure 4). An intermediate behavior was observed
with compounds 6, 8, 18, 19, and 22 because the enzyme
activity was only partially restored upon dilution. Therefore, we
selected for further in vivo studies compound 11 [3-(4,5,6-
trihydroxy-3-oxo-3H-xanthen-9-yl)propanoic acid], as a
Cdc25B irreversible inhibitor, compound 12 [5-((2-hydroxy-
4-methylquinolin-6-yl)methyl)-2-methoxybenzenesulfonic
acid], as a Cdc25B reversible inhibitor, and compounds 18
[5,5′-(3-(pyridin-2-yl)-1,2,4-triazine-5,6-diyl)difuran-2-sulfonic
acid] and 19 [4-(2-carboxybenzoyl)phthalic acid], as two
Cdc25B inhibitors with intermediate behavior.

Kinetic Studies. The inhibition mechanism of the selected
compounds was further investigated through kinetic studies to
evaluate the effect of the different inhibitors on the phosphatase
activity of a purified recombinant form of Cdc25B catalytic
domain. In a first approach to define the inhibition power of

Chart 1. Known Cdc25 Inhibitors

Figure 2. Distributions of the GLIDE XP scores for the best-ranked
128 NCI Diversity Set (red bars) and the best-ranked 80 ZINC (green
bars) compounds.
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each compound, a fixed 25 μM concentration of the synthetic
substrate 3-O-methyl fluorescein phosphate (OMFP) was used
and its hydrolysis rate by 10 nM Cdc25B was measured as a
function of inhibitor concentration. As reported in Figure 5, the
highest inhibition power was measured with compound 11,

which led to the complete loss of activity in a narrow range of
inhibitor concentration; the estimated IC50 value for this
molecule was 0.10 μM (Table 2). Interestingly, an almost
overlapping inhibition profile was obtained when the effect of
this compound was determined either on a 10-fold diluted

Figure 3. Chemical structures of compounds selected from NCI Diversity Set (1−23) and ZINC library (24−30) identified from virtual screening.
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mixture containing enzyme and inhibitor or when dithiothreitol
(DTT) was omitted in the reaction mixture (data not shown).
A typical inhibition profile was instead observed with
compound 19 (Figure 5), which followed the classical dose-
dependent response; the calculated IC50 for this molecule was
17.5 μM (Table 2). A significantly lower inhibition was found
with compounds 12 and 18 (Figure 5), for which the estimated
IC50 was higher than 100 μM (Table 2).
To prove the effect of the selected compounds on other

members of the Cdc25 family, their inhibition power was tested
on a purified recombinant form of Cdc25A catalytic domain. All
tested compounds inhibited the phosphatase activity of
Cdc25A (Supporting Information Figure S1) and the calculated
IC50 values are reported in Table 2. No great differences
emerged when comparing these data with those obtained for
Cdc25B inhibition. In particular, also in this case the greatest

effectiveness in the inhibition of Cdc25A was observed with
compound 11; a lower inhibition was measured with the other
inhibitors, and 19 was by far more effective than 12 and 18.
To get an insight in the type of inhibition exerted by the

different molecules and to measure their Ki values through
kinetic measurements, the affinity of Cdc25B for OMFP was
measured either in the absence or in the presence of fixed
inhibitor concentrations. The corresponding Lineweaver−Burk
plots obtained for each compound are presented in Figure 6.
The results related to compound 11 indicate that this

molecule reduced the maximum rate of OMFP hydrolysis,
without affecting the KM for OMFP (Figure 6a). From these
data, it could be inferred that compound 11 acted as an
irreversible inhibitor of Cdc25B with a calculated Ki of 0.08 μM
(Table 2). Under this concern, it has been reported that
quinonoid inhibitors could act on enzyme members of the
Cdc25 family through the formation of reactive oxygen species
(ROS), a finding based on the observation that their inhibiton
power was attenuated by ROS scavengers added in the reaction

Table 1. Properties of the Selected Cdc25 Inhibitorsa

% inhibition at 100 μM

compd Cdc25A Cdc25B Cdc25C GLIDE XP score XP rank

5 98 98 98 −7.14 13
6 35 60 53 −6.01 41
7 47 32 48 −3.44 58
8 39 37 45 −6.59 42
11 100 99 99 −6.24 8
12 46 41 55 −6.06 2
13 47 40 50 −5.29 8
16 17 46 54 −5.08 5
18 41 53 35 −4.95 7
19 80 80 63 −5.36 56
20 28 43 48 −3.61 7
21 66 45 48 −5.42 21
22 72 89 49 −3.06 1
23 21 41 47 −5.59 33
27 10 43 35 −3.95 24
vanadate 77 91 90

aPercent of inhibition of Cdc25A, -B, and -C phosphatase activity,
GLIDE XP scores and rankings for compounds selected from the NCI
Diversity Set and ZINC databases were obtained as described in the
Experimental Section.

Figure 4. Reversibility of Cdc25B inhibition by the selected compounds. Cdc25B (0.5 μg) was incubated for 20 min at room temperature with 100
μM of the indicated inhibitors or DMSO as a vehicle control. Following a 10-fold dilution, the residual activity was measured as reported in the
Experimental Section, upon addition of OMFP. Results are expressed as a percent of residual activity (red bars) vs untreated control (green bar) and
represent the averages ± SD of three different determinations.

Figure 5. Dose-dependent inhibition profile by the selected Cdc25B
inhibitors. The phosphatase activity of 10 nM Cdc25B was measured
through the rate of OMFP hydrolysis in the presence of 25 μM
substrate and the indicated concentration of 11 (circles), 12
(diamonds), 18 (squares), or 19 (triangles). A close-up at low
inhibitor concentration is reported in the inset. The activity was
expressed either as a percentage of that measured in the absence of
inhibitor (a) or as a natural logarithm of the ratio of residual activity
(b); in this second case, the highest concentration of each inhibitor
was not considered in the representation of the data. Other details are
described in the Experimental Section.
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mixture; a direct oxidation of the enzyme by the ROS likely
formed during the enzyme−inhibitor interaction was pro-
posed.40−42 For this reason, we checked if a ROS scavenger,
such as the purified recombinant form of superoxide dismutase
from Helicobacter pylori (HpSOD) (unpublished result) could
affect the inhibition of Cdc25B by compound 11. Interestingly,
while HpSOD had no effect on the activity of Cdc25B in the
absence of the inhibitor, the ROS scavenger significantly
attenuated the inhibition power of 11 (Figure 7); the calculated
IC50 for this compound in the presence of HpSOD increased to
0.33 μM.
Additional information on the effect of 11 on Cdc25B

derived from SDS/PAGE analysis. In particular, we verified if
compound 11 caused a dose- and time-dependent variation of
the protein content in Cdc25B solutions treated with this
inhibitor. To this aim, 3.9 μM solutions of this enzyme were
incubated in the absence or in the presence of 4, 40, or 400 μM
compound 11 and then analyzed by SDS/PAGE at different

times (Supporting Information Figure S2). The inhibitor
caused a marked reduction of the amount of Cdc25B after 1
h treatment with the highest concentration of the inhibitor.
Furthermore, a 30 min incubation of Cdc25B (2.1 μM) with
increasing concentration of 11 (4, 40, or 400 μM) caused a
dose-dependent decrease of the enzyme content in the solution
(Supporting Information Figure S3). These results suggest that
11 caused a precipitation of the enzyme when the inhibitor was
present at high concentrations, probably reflecting the tendency
of Cdc25B to form protein aggregates due to the oxidative
environment formed in the presence of the inhibitor. This
hypothesis was also confirmed in a Cdc25B sample purified in
the absence of reducing agents. Indeed, the ESI-Q/TOF MS
analysis, carried out on the protein precipitate obtained at the
end of the purification procedure, revealed the presence of
oligomeric forms of the enzyme (data not shown).
When considering the type of inhibition observed with the

other selected compounds, a different feature emerged for
compound 19. Indeed, in the presence of this compound an
increase in the KM for the substrate was observed, without any
variation of the maximum rate of OMFP hydrolysis, a typical
behavior for a reversible competitive inhibitor of Cdc25B
(Figure 6d). The value of Ki obtained for compound 19 was 5.3
μM (Table 2). The behavior of both 12 (Figure 6b) and 18
(Figure 6c) was similar to 19, thus suggesting that also these
molecules act as reversible competitive inhibitors of Cdc25B,
although their Ki values were significantly higher. Indeed, the Ki
obtained for 12 and 18 was 84 and 159 μM, respectively (Table
2).

Table 2. Predicted Properties of Selected Cdc25 Inhibitors from QikProp and Values of IC50 and Ki for the Inhibition of
Cdc25A and Cdc25B

Cdc25A Cdc25B

compd MWa QP log Pb QP log Sc QP PCaco
d no. of primary metabolitese IC50

f (μM) Ki
f (μM) IC50

f (μM) Ki
f (μM)

11 316.3 0.45 −2.66 3 5 0.24 ± 0.03 0.07 ± 0.01 0.10 ± 0.01 0.08 ± 0.04
12 359.4 2.88 −4.29 32 4 86 ± 13 203 ± 75 133 ± 6 84 ± 23
18 474.4 0.57 −2.48 1 3 110 ± 15 139 ± 50 173 ± 97 159 ± 66
19 314.3 1.27 −2.67 0 none 6.0 ± 1.2 2.3 ± 0.3 17.5 ± 5.0 5.3 ± 2.4

aMolecular weight, range 95% of drugs (130/725). bPredicted octanol/water log P, range 95% of drugs (−2/6.5). cPredicted aqueous solubility, S, in
mol/L, range 95% of drugs (−6.5/0.5). dPredicted Caco-2 cell permeability in nm/s, range 95% of drugs (<25 poor, >500 great). eRange 95% of
drugs (1/8). fIC50 and Ki were calculated as described in the Experimental Section. Results represent averages ± SD of three different
determinations.

Figure 6. Effect of the selected inhibitors on the Lineweaver−Burk
plots of the Cdc25B phosphatase activity. The phosphatase activity
was measured through the rate of OMFP hydrolysis by 10 nM Cdc25B
in the presence of 1−25 μM OMFP. The activity was determined
either in the absence (empty circles) or in the presence of fixed
inhibitor concentrations (filled symbols); in particular, the concen-
tration of inhibitor was 0.05 μM (triangles) or 0.1 μM (circles) for 11
(a); 30 μM (triangles) or 100 μM (circles) for 12 (b) or 18 (c); 10
μM (triangles) or 20 μM (circles) for 19 (d), respectively. Other
details are described in the Experimental Section.

Figure 7. Effect of superoxide dismutase on the dose-dependent
inhibition profile of Cdc25B by compound 11. The phosphatase
activity of 10 nM Cdc25B was measured as reported in Figure 6 in the
absence (circles) or in the presence (reverse triangles) of 2 nM
recombinant superoxide dismutase from Helicobacter pylori corre-
sponding to 0.12 Units. Other details are described in the
Experimental Section.
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The Ki values for the selected compounds were also
determined toward the Cdc25A phosphatase activity, and the
results are reported in Table 2. Also in this case no great
differences emerged in comparison with Cdc25B, thus
confirming that compound 11 had the greatest effectiveness
and that, among the other inhibitors, 19 was by far more
effective than 12 and 18.
Structural Basis for Cdc25B Inhibition by Compounds

11, 12, 18, and 19. To obtain a structural insight into the
mechanisms by the newly identified Cdc25B inhibitors 11, 12,
18, and 19, their binding modes in the active site of Cdc25B
were investigated using the GLIDE program35 with the
procedure described in the Experimental Section. Figure 8
depicts the predicted binding modes of the four inhibitors in
the active site of Cdc25B. All the top-ranked poses place ligands
at the junction between the catalytic pocket and the “swimming
pool”, with the exception of 11, which binds only to the
catalytic pocket.
Under physiological conditions, compound 11 exhibits

ionization as well as prototropic tautomerism: it forms two
different skeleton tautomers, the 3-(4,5-dihydroxy-6-oxido-3-
oxo-3H-xanthen-9-yl)propanoate (11a) and the (E)-3-(3,4,5-
trihydroxy-6-oxido-9H-xanthen-9-ylidene)propanoate (11b),
which are mainly in the dianionic form at neutral pH (Scheme
1). Ligand tautomers and ionization species in aqueous solution
were estimated for water under the conditions of experiments

(pH 7.5 and 30 °C), using the SPARC43 online calculator.
Density functional theory (DFT) calculations showed that the
difference between the solution-phase free energies of the two
tautomeric forms was large enough (−41.2 kJ/mol) in favor of
the 11a tautomer over the 11b one to justify the dominating
presence of the former in an equilibrium situation. This is in
consonance with the results previously reported for the keto−
enol equilibrium of a similar xanthenone compound, the 6-
hydroxy-9-(hydroxymethyl)-3H-xanthen-3-one.44

As illustrated in Figure 8a, the top-scoring solution predicted
by GLIDE for 11 extends deep into the catalytic site of
Cdc25B, making several H-bonds and hydrophobic interactions
with key residues of the catalytic site. In particular, the 3-
quinone carbonyl oxygen and the adjacent 4-OH group form
H-bonds with both the R479 and E474 side chains, whereas the

Figure 8. Binding modes of compounds 11 (a, brown), 12 (b, cyan), 18 (c, green), and 19 (d, magenta) in the Cdc25B binding cavity as calculated
by GLIDE. For clarity, only interacting residues are displayed and labeled. Ligands and interacting key residues (white) are represented as stick
models, while the protein is a sky-blue ribbon model. H-bonds and salt bridges are shown as dashed black lines.

Scheme 1. Tautomer and Ionization Equilibria of
Compound 11
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nondissociated and dissociated OH groups at positions 5 and 6
of the xanthenyl ring system establish H-bonds with N532
residue. Moreover, the propanoic acid side chain engages a H-
bond with the catalytic S477 OH group. Finally, the xanthenyl
group forms van der Waals interactions with the phenyl ring of
F475 and M531. Recent evidence suggested that some
quinones can act as inhibitors of the Cdc25B phosphatase by
promoting a covalent modification of the enzyme or by
oxidizing and inactivating the catalytic cysteine of the enzyme
through redox cycling and/or production of ROS.40−42 The
covalent modification of the enzyme can be ascribed to
different nucleophilic entities such as cysteines, serines, or
arginines present in the catalytic site. The proposed binding
orientation of 11 into the Cdc25B active site can support all the
proposed mechanisms of action.
As depicted in Figure 8d, the carboxylate group of the

benzoyl moiety of the most active reversible inhibitor 19 binds
deep in the active site pocket of Cdc25B, similar to the binding
of a natural pTyr substrate, while the two carboxylate groups of
the phthalic moiety bind in the “swimming pool”. In particular,
the first carboxylate makes a salt-bridge with the R479
guanidinium group and engages a H-bond with the catalytic
backbone NHs of R479 and E478. The two carboxylates form
salt-bridges with both R482 and R544 side chains within the
“swimming pool”. The carbonyl group of the inhibitor also
accepts a H-bond from the Y528 OH group. The binding
orientation, as suggested by GLIDE, shows that the carboxylate
group of the benzoyl moiety in 19 approximates the binding
mode of the sulfate ion bound to the catalytic site of the
Cdc25B crystal structure and, consequently, many of the
interactions seen between the sulfate ion and the phosphate-
binding loop in Cdc25B structure are conserved between
Cdc25B and 19. The observed competitive inhibition pattern of
19 corroborates this proposed orientation and suggests that the
carboxylate linked to aromatic ring can also serve as a
nonphosphorous-containing pTyr mimicking compound.
GLIDE predicted comparable solutions for reversible

inhibitors 12 (Figure 8b) and 18 (Figure 8c). In particular,
the sulfonate group of 12 undergoes multiple H-bond
interactions with the catalytic backbone NHs of R479, E478,
and S477 and forms a salt bridge with the guanidinium group of
R479. The nitrogen of the quinolin-2-ol moiety forms a
bifurcated H-bond with the guanidinium group of R544 within

the “swimming pool”. Modeling also indicated that both
aromatic and quinolin-2-ol rings of 12 make van der Waals
interactions with side chain carbon atoms of E478, R479, and
M531. A similar binding mode was also found for compound
18, which occupies both the active site and the “swimming
pool” as well as the connection area in between these two
cavities. The sulfonate group of one furan ring projects toward
the catalytic pocket, establishing analogous H-bonds and
electrostatic interactions with the catalytic backbone NHs, as
also found for 12. The sulfonate group of the second furan ring
together with the furan oxygen is held within the “swimming
pool” by salt-bridges and H-bonds with both R482 and R544
side chains. In addition, the pyridine ring makes hydrophobic
contacts with L540 and M531.
The identification of compounds 12 and 18 as potential

Cdc25B inhibitors from the GLIDE screening was not
surprising because aryl sulfonic acids are structural analogues
of aryl phosphonic acids. The structural similarity of aryl
sulfonate moieties to pTyr and the GLIDE predicted modes of
binding for 12 and 18, in which the aryl sulfonate moieties
approximate the interactions between the sulfate ion and the
active site of Cdc25B, could explain the competitive inhibition
pattern observed for 12 and 18. It was also demonstrated that
suramin, a hexasulfonated polyaromatic naphthylurea, and
several polysulfonic derivatives of suramin that contain multiple
naphthylsulfonic acid groups or phenylsulfonic acid groups, are
also competitive, reversible Cdc25 inhibitors.45 Thus, the fact
that 12 and 18 were identified from the active site-targeted
GLIDE and competitively inhibited Cdc25B validates the
docking approach.
To gain structural insights into the inhibitory mechanism of

the most active inhibitors 11 and 19 for Cdc25A, docking
simulations were also carried out in the active site of a
homology-modeled structure of Cdc25A.46 As depicted in
Figure S4 of Supporting Information, the two ligands bind in
the active site of Cdc25A in a similar fashion to that observed in
Cdc25B, forming the same pattern of interactions. The high
homology (sequence identity, 66.7%; similarity, 76.5%)
between Cdc25A and Cdc25B includes nearly identical
phosphate binding sites and hence similar binding pockets for
inhibitors, with only few amino acids that differ between the
two phosphatases. Specifically, residue M403, located near the
active site of Cdc25A, replaces the corresponding L445 in

Figure 9. (a) Growth inhibitory effects of compounds 11 (red bars), 12 (yellow bars), 18 (green bars), and 19 (purple bars) on human cancer cells.
MCF-7, PC-3, and K562 cells were treated with selected inhibitors or with DMSO (blue bar), as a vehicle control. The values obtained at the
indicated times represent the mean ± SD of three experiments. (*) p ≤ 0.05, as determined by the Student’s t test.
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Cdc25B (this position is not shown in Figure S4 of Supporting
Information) and H489, at the top of the active site, replaces
N532. Other residues differing between Cdc25A and Cdc25B
in the vicinity of the phosphate binding site are generally
considered too remote to significantly influence the binding of
inhibitors with “drug-like” molecular weight or are oriented
with their side chains away from the cleft itself. This helps to
explain why compounds 11 and 19 do not show significant
selectivity against the two isoenzymes.
Effects of Cdc25 Phosphatase Inhibitors on Cell

Proliferation and Cell Cycle Progression. The Cdc25
phosphatase family has a central role in controlling cell
proliferation and cell cycle progression; therefore, we evaluated
the effects of compounds 11, 12, 18, and 19 on the growth of
breast (MCF-7), prostate (PC-3), and leukemia (K562) cancer
cell lines, expressing Cdc25A, -B, and -C.47−49 All compounds
were able to significantly reduce cell viability after 72 h of
treatment (Figure 9), although with a different efficacy; indeed,
while compound 11 was active at 20 μM concentration,
compound 19 exerted its effect at 200 μM concentration and
compounds 12 and 18 at 400 μM concentration.
In addition, we investigated whether the effect of compound

11 on cell proliferation could also depend on ROS generation.
To this aim, the cell-permeable ROS indicator, H2DCFDA, was
used to detect by flow cytometry analysis intracellular oxidation
in K562 cells exposed to 11 with or without pretreatment with
DTT. DTT is a strong reducing agent that is often used to
promote a cellular reductive stress. It can cross membranes and
shift the redox balance of important biological redox couples,
such as the NAD+/NADH, NADP+/NADPH, and GSSG/GSH
couples, to a more reducing state. As shown in Figure 10,

cellular ROS content increased after treatment with 20 μM
compound 11 for 30 min, as compared to untreated cells
(mean fluorescence intensity ± SEM of three different
experiments: 316.7 ± 43.6 vs 144.0 ± 27.0; p < 0.05).
Moreover, cell treatment with 1 mM DTT, before the addition
of 11, decreased the cellular ROS content as compared to 11-
only treated cells (mean fluorescence intensity ± SEM of three
different experiments: 132.3 ± 27.2 vs 316.7 ± 43.6; p < 0.05).
The same results were obtained in H2DCFDA-loaded PC3 cells
(data not shown). These data suggest that 11 emulated other

quinone inhibitors by irreversibly inhibiting Cdc25B through
the production of ROS.40,47,50

We then tested the ability of the selected compounds to
affect MCF-7 cell cycle by evaluating their effects on the G1/S
and G2/M phase transitions; indeed, inhibitors of Cdc25
phosphatases affect cell proliferation by blocking the cell cycle
progression. Asynchronously growing MCF-7 cells were
exposed for different times to the chosen compounds at the
above-reported concentration, and analyzed by flow cytometry,
in order to determine the cell distribution among the different
phases of the cell cycle (G0/G1, S, and G2/M). Control cells
treated with DMSO alone proceeded through a normal cell
cycle (Figure 11). After 24 h treatment, compounds 11 and 19
led to a statistically significant enrichment of G2/M cell
population, as compared to the control (18.1% ± 0.03 and
26.6% ± 0.03 vs 9.4% ± 0.04, respectively), whereas compound
12 strongly decreased cells in S phase of cell cycle (3.3% ± 0.01
vs 9.35% ± 0.02). No significant effect was observed with
compound 18 at 24 h. After 48 h treatment, MCF-7 cells
showed a marked arrest in G0/G1 with a strong reduction of
the cell population in the S phase of the cell cycle with all the
tested compounds (2.6% ± 0.02, 3.2% ± 0.01, 1.8% ± 0.02, and
1.6% ± 0.01 vs 14.5% ± 0.02 for compounds 11, 12, 18, and 19
vs control, respectively); the block at G1 phase persisted even
after 72 h of incubation (data not shown).

Effects of Cdc25 Phosphatase Inhibitors on Cdk1
Phosphorylation Status. Inhibition of Cdc25 phosphatases
should induce not only cell cycle arrest but also Cdk1
hyperphosphorylation.7−12 Thus, we investigated the Cdk1
phosphorylation status in K562 cells treated with inhibitors 11,
12, 18, and 19 for 24 h, with DMSO as a vehicle control. To
this aim, cultures of K562 cells treated with the Cdc25
phosphatase inhibitors were analyzed by Western blotting using
an antiphospho-Cdk1 (Y15) antibody or with an anti-Cdk1
antibody as a loading control (Figure 12). An increase in Cdk1
hyperphosphorylation was evident in cells treated with each
inhibitor; on the other hand, cells treated with the DMSO
vehicle showed no hyperphosphorylation of Cdk1 and likely
continued to progress through the cell cycle. These results are
consistent with what would be expected of an inhibitor of
Cdc25B.

Refinement of Lead Cdc25B Inhibitor 19. Hierarchical
screening is an efficient strategy allowing an initial broad search
over a chemically and pharmacologically diverse set of
compounds, followed by a focused search over a much larger
database to find molecules related to potential lead
compounds.51 A similarity search over the full NCI database
with the low-micromolar Cdc25B inhibitor 19 resulted in 34
compounds, which were docked to the Cdc25B crystal
structure and ranked according to predicted Glide XP score.
The top 19 compounds with the lowest scoring value for
Cdc25B were selected for experimental testing (Table 3). Six of
the 19 compounds showed >50% inhibition at 50 μM. In
particular , compounds 34 [2-(4-(methylamino)-3-
nitrobenzoyl)benzoic acid], 48 [3-(3,4-dioxo-3,4-dihydronaph-
thalen-1-ylamino)benzoic acid], and 49 [2-(3,4-dioxo-3,4-
dihydronaphthalen-1-ylamino)-6-hydroxypyrimidine-4-carbox-
ylic acid] strongly inhibited the Cdc25B activity with IC50 of
7.9, 4.2, and 9.9 μM, respectively (Table 3 and Supporting
Information Figure S5). Irreversible inhibition of Cdc25B in
vitro was seen when the enzyme was pretreated with
compounds 48 and 49 up to 20 min, using a previously
described dilution method39 (Figure 13). These data suggest

Figure 10. Effect of quinonoid compound 11 on cellular ROS
formation. Intracellular oxidation of H2DCFDA-loaded untreated
K562 cells (−), 11-only treated K562 cells (11), or K562 cells
preincubated with 1 mM DTT and then treated with 11 (11+DTT)
was analyzed by flow cytometry. Bars indicate the mean ± SEM of
three different experiments. (*) p ≤ 0.05, as determined by the
Student’s t test.
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that 48 and 49 behaved as other quinone inhibitors by
irreversibly inhibiting Cdc25B. In contrast, the enzyme activity
was almost completely restored in presence of compounds 34,
39, 43, and 44, so they were reversible inhibitors.

■ DISCUSSION AND CONCLUSION
Discovery of Cdc25 phosphatase inhibitors may be useful in
targeted cancer therapies because of the oncogenic nature of
Cdc25A and Cdc25B. Structurally diverse Cdc25 inhibitors
have been discovered over the past few years, the most potent
of which are quinone-based derivatives with IC50 values in the
submicromolar range.10,22,23 These compounds act mainly
through irreversible linkage with the catalytic cysteine (C473 in
Cdc25B) or vicinal serines52 or oxidation and inactivation of
the catalytic cysteine by ROS, either generated through in vitro
redox cycling of these compounds in the presence of DTT or
induced within cells by exposure to these compounds.40,41,53

In the attempt to identify potent and reversible inhibitors of
Cdc25 phosphatases with new and original scaffolds, we carried
out high-throughput virtual screenings on both NCI Diversity
Set and ZINC databases targeting the active pocket of Cdc25B
catalytic domain. The effect of the selected compounds was
tested in vitro, either on cancer cell toxicity or as inhibition of
the phosphatase activity of purified Cdc25B and Cdc25A.
Virtual screening led to the selection of 23 compounds from

the NCI Diversity Set and seven compounds from the ZINC
database. Fifteen among them were Cdc25 inhibitors on the
basis of an in vitro assay for Cdc25A, -B and -C activity;
however, the analysis was restricted to compounds representa-

tive of different types of inhibition, using a dilution method
approach in the Cdc25 inhibition assay.39 In particular,
compound 11 [3-(4,5,6-trihydroxy-3-oxo-3H-xanthen-9-yl)-
propanoic acid], a Cdc25B irreversible inhibitor, compound
12 [5-((2-hydroxy-4-methylquinolin-6-yl)methyl)-2-methoxy-
benzenesulfonic acid], a Cdc25B reversible inhibitor, and
compounds 18 [5,5′-(3-(pyridin-2-yl)-1,2,4-triazine-5,6-diyl)-
difuran-2-sulfonic acid] and 19 [4-(2-carboxybenzoyl)phthalic
acid], two Cdc25B inhibitors with intermediate behavior, were
chosen for further studies.
Kinetic studies allowed a more detailed characterization of

the mechanism of action of these molecules in terms of power
and type of inhibition. Compound 11 exerted the highest
inhibition power on purified catalytic domain of Cdc25B (IC50
= 0.10 μM; Ki = 0.08 μM). However, its kinetic behavior was
compatible with that of an irreversible inhibitor of Cdc25B.
Similar to several other quinone-based Cdc25 inhibitors,40−42

compound 11 produced ROS in cells (Figure 10) and induced
irreversible Cdc25B inhibition that was attenuated by a ROS-
scavenger such as HpSOD. These data support the hypothesis
that redox cycling and production of ROS could be involved in
the inhibition mechanism of Cdc25B by compound 11.
On the contrary, compounds 12 and 18 were identified as

reversible competitive inhibitors of Cdc25B, although their
inhibition power was low (IC50 > 100 μM for both; Ki = 84 and
159 μM for 12 and 18, respectively). Also, compound 19 was
identified as a reversible competitive inhibitor of Cdc25B
phosphatase activity, but its inhibition power (IC50 = 17.5 μM;
Ki = 5.3 μM) made this molecule a promising lead compound
for the development of new inhibitors for therapeutic potential.
The specificity of the inhibitory effect was confirmed by the
ability of the selected compounds to inhibit the phosphatase
activity of Cdc25A, with a behavior similar to that observed for
Cdc25B. Given the high sequence identity among Cdc25A and
Cdc25B isoforms, especially in the active site region, it was not
surprising to find the inhibitory effects in both Cdc25s. These
data are relevant because, until recently, very few competitive
and reversible inhibitors of Cdc25 dual specificity phosphatases
have been discovered.
QikProp54 from the Schrodinger Suite was run to estimate

properties that are potentially important to compound

Figure 11. Cell cycle analysis of MCF-7 breast cancer cells treated with Cdc25B inhibitors 11 (20 μM), 12 (400 μM), 18 (400 μM), and 19 (200
μM). The values are the mean ± SD of three experiments. For details, see the Experimental Section.

Figure 12. Cdk1 phoshorylation status after K562 cell treatment with
Cdc25B inhibitors 11 (20 μM), 12 (400 μM), 18 (400 μM), and 19
(200 μM). After 24 h treatment, cells were lysed and analyzed by
Western blotting. Cdk1 activity was evaluated using antiphospho-Cdk1
(Y15) antibody and detection of total Cdk1 served as a loading
control.
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solubility, permeability, and drug development. As depicted in
Table 2, almost all the calculated properties of 11, 12, 18, and
19 were in the ranges predicted by QikProp for 95% of known
oral drugs, a finding indicating the potential for further
optimizations as drug leads. However, permeability across
biological membranes was limited due to their highly charged
carboxylate or sulfonate moieties. The predicted apparent
Caco-2 cell permeability value (QP PCaco, an additional
parameter of permeability that is used as a model for the
gut−blood barrier)55 was <25 nm/s for 11, 18, and 19
(suggesting poor permeability) and 25−500 nm/s for 12
(suggesting moderate permeability). Compound 19 has no

predicted primary metabolites, but compounds 11, 12, and 18
have a number of primary metabolites in the allowed range (1/
8).
Regarding the effect of compounds 11, 12, 18, and 19 on cell

cycle, all tested compounds significantly inhibited MCF-7, PC-
3, and K562 cell proliferation, even in the presence of serum;
other reversible Cdc25 inhibitors, such as indolylhydroxyqui-
nones, although more potent, were ineffective in cellular assays
due to a specific binding to bovine serum albumin.39

Furthermore, all selected compounds significantly affected
MCF-7 breast cancer cell cycle progression. This is relevant
because a recently identified competitive reversible Cdc25

Table 3. Inhibition Properties of Analogues of Compound 19a

aPercent of inhibition of Cdc25B phosphatase activity was measured at 50 μM concentration of the inhibitor; values of experimental IC50 for
inhibition of Cdc25B and predicted GLIDE XP score were obtained as described in the Experimental Section.
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inhibitor, 5169131, was unable to affect cell cycle progression in
asynchronous cells.50 Indeed, our results indicated that, after 24
h of incubation, compounds 11 and 19 led to a statistically
significant enrichment of G2/M cell population. After 48 h
treatment, all selected compounds determined a marked arrest
in G0/G1 with a strong reduction of the cell population in the
S phase of the cell cycle; the block at G0/G1 phase persisted
even after 72 h of incubation. Therefore, we can hypothesize
that compounds 11 and 19 regulate cell cycle progression by
first exerting their effect on Cdc25B, thus inducing a G2/M
phase arrest, and then acting on Cdc25A and causing a G0/G1
arrest. These compounds could behave as caulibugulone A, a
selective in vitro inhibitor of Cdc25 phosphatases; it arrested
cells in G1 and G2/M phases of the cell cycle by inhibiting both
Cdc25B and Cdc25A activity.49 Unlike compound 11 and 19,
compounds 12 and 18 only caused a G0/G1 arrest in MCF-7
cells, whereas they did not seem to exert any effect on G2/M
phase of cell cycle, so they could preferentially act on Cdc25A,
even though they have been selected against Cdc25B. This
hypothesis was confirmed by the lower inhibition properties
exerted by these compounds on Cdc25B activity with respect to
11 and 19. The cell cycle arrest was also accompanied by
increased phosphorylation of Cdk1, a substrate of Cdc25; this
behavior indicates the specificity of these compounds toward
the Cdc25s. In addition to identifying new inhibitors by virtual
docking, we also modeled the interactions between the
identified inhibitors and the catalytic domain of both Cdc25A
and Cdc25B (Figure 8 and Figure S4 of Supporting
Information), thus providing a structural rationale for the in
vitro observations.
A secondary screening, coupled with structural similarity

searching of the low-micromolar lead 19, resulted in the
additional set of 19 ligands, and six among them (34, 39, 43,
44, 48, and 49) were inhibitors of Cdc25B. In particular,
compounds 34, 48, and 49 had promising IC50 values of 7.9,
4.2, and 9.9 μM, respectively. The docked conformations of the
secondary screening hits matched that of the lead inhibitor 19.
This approach resembles the so-called hierarchical filtering. In
our case, the first pass was used to discover the appropriate
scaffolds through focusing on compound structural diversity. At
this stage, utilization or construction of a structurally diverse

library is the key. The second pass was to uncover the best
analogues of the compounds discovered in the first pass.
Here, we have identified a number of small molecules that

inhibit Cdc25B phosphatase and also inhibit the proliferation of
human cancer cells, such as MCF-7, PC-3, and K562. The
combination of computational, biochemical, and cell biology
experiments allowed the identification of a variety of
structurally distinct inhibitors for a phosphatase target without
the need for a massive high-throughput chemical screen. Thus,
collaboration between biochemical and virtual screening
provides an extraordinarily effective approach to drug discovery.
Further refinement of these compounds, to tune them to higher
affinity and more specific inhibition, offers a great therapeutic
potential, given the strategic position of Cdc25 in cell survival
pathways.

■ EXPERIMENTAL SECTION
Protein Structure Template Preparation. Among the ligand-

free Cdc25B crystal structures present in the PDB database,56 the best
candidates for a docking study are 1CWT (resolution 2.3 Å),20 1QB0
(resolution 1.91 Å),20 and 1YMK (apo form, resolution 1.7 Å).57 In
addition, one Cdc25B structure cocrystallized with a modified peptide
that blocks the active site has been reported in a recent patent
application by BASF.58 Overlay of 1CWT, 1QB0, BASF, and 1YMK
structures showed that almost all of them share a highly similar
binding site conformation. The most significant difference observed
among the experimental structures resides in the conformation of
R544 side chain: in 1CWT, 1QB0, and 1YMK, it occludes the
swimming pocket, whereas in BASF structure, the peptide ligand
pushes it away, opening the pocket. Therefore, docking experiments
were carried out employing the crystal structure of 1QB0, in which the
side chain conformation of R544 was manually oriented as in the
BASF structure. All crystallographic water molecules and other
chemical components were omitted, the right bond orders as well as
charges and atom types were assigned, and hydrogen atoms were
added to the crystal structure using Maestro.59 Arg, Lys, Glu, and Asp
residues were considered ionized, while His was considered as neutral.
Then the protein was submitted to a series of restrained, partial
minimizations using the OPLS-AA force field60 within the “Protein
and Ligand Preparation” module of GLIDE version 5.7.35 To
compensate for the fixed protein structure, which is not expected to
be optimal for a particular ligand, the van der Waals radii for nonpolar
ligand atoms were scaled by a factor of 0.8, thereby decreasing
penalties for close contacts. Receptor atoms were not scaled.

Library of Chemical Compounds. Drug-like subset of ZINC
database34 and NCI Diversity Set (http://dtp.nci.nih.gov/branches/
dscb/repo_open.html) were selected for the virtual screening study.
The NCI Diversity Set was preprocessed with the GLIDE module
“LigPrep”, which prepared the ligands in multiple protonation and
tautomerization states. This procedure resulted in ∼2392 structures as
compared to the initial 1990 of the NCI Diversity Set. The ZINC
“drug-like” set (subset no. 3, as defined in ZINC version 7) had
already been preprocessed and includes multiple protonation and
tautomerization states.34 The complete virtual library, prefiltered for
properties based on Lipinski’s rules,61 totaled about 2.1 million
compounds.

Ligand Docking and Compound Selection Procedures.
Virtual screening and docking were performed using GLIDE with
default docking parameter settings. The grid-enclosing box, which
must contain the center of each ligand docked, was centered on the
sulfur atom of C473 and defined to enclose residues located within 14
Å from the catalytic thiolate, while the outer box, in which all parts of
the ligand must bind, was 31 Å in each direction. A van der Waals
radius scaling factor of 0.80 for atoms with a partial atomic charge
(absolute value) less than 0.15 was used in order to soften the
potential for nonpolar parts of the receptor. Next, a “funnel” strategy
was employed for virtual screening. For the large ZINC library, GLIDE
was run in the high-throughput virtual screening (HTVS) mode to

Figure 13. Reversibility of Cdc25B inhibition by analogues of the low-
micromolar inhibitor 19. Cdc25B (0.5 μg) was incubated for 20 min at
room temperature with 50 μM of the indicated inhibitors or DMSO as
a vehicle control. Following a 10-fold dilution, the residual activity was
measured as reported in the Experimental Section upon addition of
OMFP. Results are expressed as a percent of residual activity (red
bars) vs untreated control (green bar) and represent the averages ±
SD of three different determinations.
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perform a complete conformational and positional search of three-
dimensional space in the active site. For the compounds that scored in
the highest 2% (40000), GLIDE SP (standard precision)62 was run.
Similarly for the top 20% high scoring GLIDE SP compounds (8000),
GLIDE XP (extra precision)63 was run too. The 80 top-ranked
structures (1%) were kept for successive analysis. For the small NCI
diversity set library, the HTVS step was skipped and the compounds
were docked in GLIDE SP and XP modes, keeping, respectively, 410
(20%) and 128 (30%) top-ranked structures. In essence, GLIDE
performs a thorough conformational search for a ligand; then it
determines all reasonable orientations (“poses”) for each low-energy
conformer in the designated binding site. In the process, torsional
degrees of the ligand are relaxed, although the protein conformation is
fixed. The SP “scoring function” is applied to judge the poses by
considering, for example, hydrophobic and electrostatic interactions,
hydrogen bonding, steric clashes, desolvation and internal energy of
the ligand, and possible trapped or bridging water molecules in the
binding site. In XP mode, the poses are further relaxed by complete
energy minimizations. The resultant more accurate structures provide
a basis for more detailed evaluation of contributions from explicit
water molecules in the binding site and hydrophobic interactions.
The homology-modeled structure of Cdc25A46 was used as the

receptor model for docking simulations of compounds 11 and 18. Side
chain conformations of R436 and R439 of Cdc25A were manually
oriented as those of R479 and R482 in the 1QB0 structure of Cdc25B,
while the side-chain conformation of R501 was manually oriented as
that of R544 in the BASF structure of Cdc25B.
DFT Calculations. Geometry optimizations of both 11a and 11b

tautomers were performed using the Jaguar 7.8 suite of ab initio
quantum chemistry programs64 at the B3LYP/6-31G* level of
theory.65 The coupling of DFT with a Poison−Boltzmann (PB)
continuum solvent can provide accurate estimates of the solvation free
energies of the two tautomers in water.66 This involves the numerical
solution of the PB equation to determine the self-consistent reaction
field (SCRF) of the solvent acting on the quantum mechanical solute.
In this approach, the solute is described as a low-dielectric cavity
(εsolute = 1.0) immersed in a continuum solvent characterized by two
properties: the solvent probe radius (rprobe = 1.4 for water) and the
solvent dielectric constant (εsolvent = 80.0) for water. The dielectric
solute/solvent boundary was taken as the solvent-accessible surface
area (SASA) defined by the probe radius. The charge distribution of
the solute was represented by atom-centered point charges based on
electrostatic potential (ESP) fits. The nonelectrostatic component
(e.g., cavity term) of the solvation free energy was calculated using the
empirical relation given in ref 67. The atomic radii used to determine
the van der Waals envelope of the solute were taken from Tannor et
al.67 without modifications68 (1.9 Å for sp3-hybridized carbon, 1.6 Å
for oxygen, and 1.15 Å for hydrogen). Calculations were carried out
using both gas-phase geometries and geometries optimized in the
solvent reaction field.
Hierarchical Similarity Search. An online search utility provided

by the NCI (http://129.43.27.140/ncidb2/)69 was used to search the
entire NCI database for compounds similar to Cdc25B inhibitor 19.
Two methods were used to judge compound similarity: search on the
basis of substructure by SMILES string (http://daylight.com) and/or
similarity by Tanimoto coefficient,70 with a cutoff of 0.85.71 From
these searches, selected compound structures were docked to Cdc25B
crystal structure and ranked according to predicted GLIDE XP score.
Compounds with the lowest scoring value were requested and assayed
for effect on phosphatase activity as described above.
Materials and Reagents. All compounds were purchased from

commercial vendors or kindly provided by the National Cancer
Institute (http://dtp.cancer.gov). The identity and purity of the
assayed compounds was independently assessed by elemental analysis
and 1H NMR (see Supporting Information). Compounds were
dissolved in DMSO, and stock solutions at 10 mM concentration were
prepared. OMFP was from Sigma. The recombinant forms of Cdc25A
and Cdc25B catalytic domain were purified essentially as previously
described,72 using a heterologous expression system constituted by the
vectors pET28a-CDC25A-cd and pET28a-CDC25B-cd, kindly

provided by H. Bhattacharjee (Florida International University,
Herbert Wertheim College of Medicine, Miami, Florida), and the
Escherichia coli BL21(DE3) strain from Novagen. The purified samples
of recombinant Cdc25A and Cdc25B were homogeneous when
analyzed by SDS polyacrylamide gel electrophoresis or RP-HPLC on a
C4 column. Furthermore, the analysis by ESI-Q/TOF MS gave
molecular masses of 22833.37 ± 0.08 and 22841.81 ± 0.09 Da for
Cdc25A and Cdc25B, respectively, almost coincident with those
predicted by the amino acid sequences, including the N-terminal His-
tag and excluding the initial methionine. All other reagents were of
analytical grade.

In Vitro Enzyme Assays. Phosphatase activity of Cdc25A, -B, and
-C was measured through a fluorimetric method, using OMFP as a
synthetic substrate; following its hydrolysis, O-methylfluorescein
product was formed and detected by a fluorescence measurement.
In the initial screening experiments, a commercially available Protein
Phosphatase Cdc25 Fluorimetric Assay kit (Cyclex Co, Nagano,
Japan) and a 96-well microtiter plate fluorescence reader (Becton
Dickinson 353948, New Jersey, USA) were employed. Mixtures,
prepared according to manufacturer’s instruction, contained OMFP
and 100 μM of each inhibitor; the reaction started by the addition of
Cdc25A, -B, or -C, and the fluorescence emission was measured after
15 min at room temperature, setting excitation and emission filters of
the reader at 485 and 538 nm, respectively. Vanadate was used as a
positive control of inhibition; in the absence of inhibitor, DMSO was
used as a vehicle control. It should be emphasized that the tested
inhibitors at micromolar concentrations are not fluorescent and do not
exhibit a detectable absorbance at the excitation wavelength used in
the in vitro assays. Moreover, neither Cdc25B nor Cdc25A displays a
detectable fluorescence/absorbance in our experimental conditions.

The above cited kit was also employed for studying the reversibility
of Cdc25B inhibition through a protocol similar to the dilution
method previously described.39 Cdc25B was incubated for 20 min at
room temperature with 100 μM of each inhibitor or DMSO as vehicle
control. Samples were then 10-fold diluted, and the remaining
phosphatase activity was determined as reported above. The residual
enzyme activity was referred to that measured with vehicle alone.

For steady-state enzyme kinetic studies, the phosphatase activity of
purified recombinant Cdc25A or Cdc25B was measured at 30 °C using
a computer-assisted Cary Eclipse spectrofluorimeter (Varian)
equipped with an electronic temperature controller. Excitation and
emission wavelength was set at 485 and 530 nm, respectively;
excitation and emission slits were both set at 20 nm for Cdc25A and
10 nm for Cdc25B. The reaction mixture contained 50 nM Cdc25A or
10 nM Cdc25B and appropriate concentrations of inhibitor in 500 μL
final volume of 20 mM Tris-HCl, pH 7.8, 1 mM DTT. DMSO was
used as a vehicle control. The reaction started by the addition of 1−25
μM OMFP, and fluorescence was monitored continuously. The rate of
OMFP hydrolysis was measured in the linear part of the fluorescence
increase and expressed as arbitrary units (AU) per min. Blanks run in
the absence of enzymes and/or inhibitor were subtracted. The
concentration of inhibitor leading to 50% inhibition (IC50) was
obtained from profiles of residual phosphatase activity realized in the
presence of 25 μM OMFP and different inhibitor concentrations. The
data were then linearized in semilogarithm plots for the evaluation of
the IC50 from the slope of the equation. Linear curve fits were
obtained with the least-squares method, and the significance of the
correlation was estimated from the squared correlation coefficient r2,
which was always higher than 0.95. The Km for OMFP and the
maximum rate of OMFP hydrolysis (ΔAU/minmax) were obtained
from Lineweaver−Burk plots, carried out in the absence or in the
presence of different inhibitor concentrations. For the calculation of
the inhibition constant (Ki), the equation used depended on the type
of inhibition. In the reversible competitive inhibition, Ki was averaged
from the increase of Km for OMFP in the presence of the inhibitor,
according to Km′ = Km{1 + ([I]/Ki)}, where Km′ represents the Km for
OMFP measured in the presence of the concentration [I] of the
inhibitor. In the irreversible inhibition, Ki was averaged from the
decrease of ΔAU/minmax in the presence of the inhibitor, according to
ΔAU/minmax′ = ΔAU/minmax/{1 + ([I]/Ki)}, where ΔAU/minmax′
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represents the maximum rate of OMFP hydrolysis measured in the
presence of the concentration [I] of the inhibitor.
Cell Cultures. Human MCF-7 breast and human PC-3 prostate

cancer cells were cultured in DMEM, while human acute myeloid
leukemia K562 cells in RPMI, supplemented with 5% fetal bovine
serum (FBS) (Life Technologies, Gaithersburg, MD, USA) and 2-mM
L-glutamine at 37 °C under a 5% CO2 atmosphere. Each cell line was
grown in 100 mm culture dishes (BD Falcon, New Jersey, USA) and
used for biological assays.
Antiproliferative Assays. Antiproliferative effects of the selected

compounds were determined by MTS (3-(4,5-dimethylthiazole-2yl)-5-
(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium, inner
salt) and PES (phenazine ethosulfate) assay (CellTiter 96 AQueous

One Solution Reagent) provided by Promega (Madison, WI, USA).73

In brief, cells were plated at 5000 cells per well in 96-well microtiter
plates (BD Falcon 353072, New Jersey, USA) with 100 μL DMEM
growth medium containing 5% FBS; 24 h after seeding, cells were
treated with different concentrations of the selected compounds or
DMSO as a vehicle control for 24, 48, or 72 h. Then, 20 μL/well of
CellTiter 96 AQueous One Solution Reagent was added and, after
incubation at 37 °C for 4 h, the absorbance was determined by an
ELISA reader (Bio-Rad, Hercules, California, USA) at a wavelength of
490 nm.
Cell Cycle Analysis. Log phase cells were seeded out using

DMEM 5% FBS at 1 × 106 × 100 mm culture dish, and the cells were
allowed to attach for 24 h at 37 °C. The compounds were added to the
cells and incubated for additional 24, 48, or 72 h. After incubation, the
cells were harvested with trypsin and fixed with cold 70% ethanol.
Cells were then treated with 100 μg/mL RNase-DNase free, stained
with 5 μg/μL propidium iodide, and analyzed for cell cycle status
profile using a FACScan flow cytometer (Becton Dickinson, USA).
Measurement of Cellular ROS Generation. ROS were detected

using 2′,7′-dichlorodihydrofluorescein diacetate (H2DCFDA; Calbio-
chem, Milan, Italy). H2DCFDA diffuses into the cells, where it is
converted into a nonfluorescent derivative (H2DCF) by endogenous
esterases. H2DCF is oxidized to green fluorescent 2′,7′-dichlorofluor-
escein (DCF) in the presence of intracellular ROS. Briefly, K562 cells
(1 × 106) were harvested by centrifugation, washed, resuspended in
phosphate-buffered saline (PBS) alone or in the presence of 1 mM
DTT, and incubated for 30 min at 37 °C, 5% CO2. Cells were further
incubated with 10 μM H2DCFDA for 30 min, washed, resuspended in
PBS, and then treated with DMSO (vehicle control) or with
compound 11 for 30 min at 37 °C, 5% CO2. After an additional
wash, DCF fluorescence was measured by flow cytometry using the
FACSCalibur flow cytometer (BD Pharmingen). About 30000 events
(i.e., fluorescence readings corresponding to no less than 20000 cells)
were recorded for each sample.74

Western Blotting and Antibodies. K562 cells were plated at 5 ×
105 cells per well in 6-well plates (BD Falcon 353046, New Jersey,
USA) in RPMI growth medium containing 5% FBS; 24 h after
seeding, cells were treated with different concentrations of the selected
compounds or DMSO, as a vehicle control, for 24 h. Cells were
harvested by centrifugation, lysed in lysis buffer (50 mM Tris HCl,
pH7.5, 250 mM NaCl, 0.1%Triton X-100, 5 mM EDTA, 50 mM NaF)
supplemented with protease and phosphatase inhibitors cocktail
(Sigma, St. Louis, MO), for 30 min on ice followed by centrifugation
at 12000g for 15 min. Cleared lysates were assayed for protein
concentration by a colorimetric assay (Bio-Rad, Hercules, CA). Then
50 μg of protein was loaded on a 12% SDS-PAGE and transferred on a
PVDF membrane. The membrane was blocked with 5% nonfat dry
milk and probed with 1:1000 anti-phoshoY15-Cdk1 (9111; Cell
Signaling, Danvers, MA) and 1:1000 anti-cdc2p34(17) (sc-54; Santa
Cruz Biotechnology, CA), the latter used as a loading control. Bound
primary antibodies were detected with either horseradish peroxidase−
goat antirabbit antibody or horseradish peroxidase−goat antimouse
antibody (Bio-Rad). Immunoreactive bands were detected by ECL
according to the manufacturer’s instructions (Amersham, Little
Chalfont, UK).
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