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ABSTRACT

Cdc25A and Cdc25B dual-specificity phosphatases are key
regulators of cell cycle transition and proliferation. They have
oncogenic properties and are overexpressed in many human
tumors. Because selective Cdc25 phosphatase inhibitors
would be valuable biological tools and possible therapeutic
agents, we have assayed a small molecule library for in vitro
inhibition of Cdc25. We now report the identification of two new
structurally distinct classes of Cdc25 inhibitors with cellular
activity. The cyclopentaquinoline 3a,4,5,9b-tetrahydro-3H-cy-
clopentalc]quinoline-4,8-dicarboxylic acid (5661118) and the
naphthofurandione  3-benzoyl-naphthol[1,2-b]furan-4,5-dione
(5169131) had in vitro IC5, values of 2.5 to 11 uM against
recombinant Cdc25 and were less potent inhibitors of other
phosphatases. Unlike 5661118, 5169131 caused reversible in-
hibition of Cdc25B and displayed competitive inhibitor kinetics.

No growth inhibitory activity was seen with 5661118, whereas
10 to 30 uM 5169131 caused G,,S and G,/M arrest. We also
found that 5169131 inhibited human PC-3 prostate and MDA-
MB-435 breast cancer cell proliferation. Concentration-depen-
dent Tyr15 hyperphosphorylation was seen on cyclin-depen-
dent kinase with a 1-h 5169131 treatment, consistent with
Cdc25 inhibition. Cells resistant to DNA toposiomerase Il inhib-
itors were as sensitive to 5169131 as parental cells, indicating
that this quinone compound does not inhibit topoisomerase Il in
vivo. Molecular modeling was used to predict a potential inter-
action site between the inhibitor and Cdc25B and to provide
insights as to the molecular origins of the experimental obser-
vations. Based on its kinetic profile and cellular activity, we
suggest that 5169131 could be an excellent tool for further
studies on the cellular roles of Cdc25.

Protein phosphorylation regulates mammalian cellular
communication, growth and survival. Small molecule inhib-
itors have been valuable tools for decoding the role of various
kinases and phosphatases in specific cellular signaling path-
ways. They are particularly attractive because, unlike most
genetic approaches, they are generally reversible, produce
graded responses, and can easily penetrate cells. There are a
growing number of small molecule inhibitors for protein ki-
nases, but potent and selective inhibitors are unavailable for
most of the potentially important protein phosphatases.
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Protein phosphatases are classified according to the amino
acid phosphate ester that they hydrolyze and are divided into
two major families, the serine/threonine-specific protein
phosphatases and the tyrosine-specific protein phosphatases
(PTPases). PTPases are of interest because they regulate
fundamental cellular processes often perturbed in malignant
cells. PTPases can be identified by the conserved motif -H-C-
X;5-R- (where X is any amino acid) that makes up the active
site of the enzyme’s catalytic domain. Outside of this con-
served active site motif, PTPases share almost no sequence
homology (Denu et al., 1996). The dual specificity phospha-
tases (DSPases) are a subclass of the PTPase family. They
contain this conserved -H-C-X;-R-active site motif but differ
from other PTPases in that they are capable of hydrolyzing
phosphate ester bonds on tyrosines and threonines in the
same protein substrate. Genomic studies predict that there

ABBREVIATIONS: PTPase, tyrosine-specific protein phosphatase; DSPase, dual-specificity phosphatase; Cdk, cyclin-dependent kinase; DMSO,
dimethyl sulfoxide; CRS-057, 3a,4,5,9b-tetrahydro-1H-cyclopenta[c]quinoline-4,8-dicarboxylic acid dimethyl ester; 5169131; 3-benzoyl-naphthol[1,2-
blfuran-4,5-dione; 5654435; 3a,4,5,9b-tetrahydro-3H-cyclopentalc]quinoline-4,6-dicarboxylic acid; 5660797, 8-chloro-3a,4,5,9b-tetrahydro-3H-cyclo-
penta[c]quinoline-4-carboxylic acid; 5661118, 3a,4,5,9b-tetrahydro-3H-cyclopentalc]quinoline-4,8-dicarboxylic acid; 5729543, 7-(4-chlorophenyl)-
3b,6,6a,7,9,9a,10,12a-octahydrocyclopentalc]cyclopental4,5]pyrido[3,2,1-j]lquinoline-2-carboxylic acid; OMFP, O-methyl fluorescein phosphate; DA-

3003-1,6-chloro-7-(2-morpholin-4-ylethylamino)-quinoline-5,8-dione.
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are 33 human DSPases; the best studied are the Cdc25 phos-
phatases. These phosphatases control cell cycle progression
by dephosphorylating and activating cyclin-dependent Kki-
nases (Cdk) (Lyon et al., 2002). Three human Cdc25 ho-
mologs exist: Cdc25A, Cdc25B, and Cdc25C (Lyon et al.,
2002). Cdc25A is involved in G,/S phase transition, where it
dephosphorylates the Cdk2/cyclin A complex (Hoffman et al.,
1994) and also has a role in mitosis (Mailand et al., 2002).
Cdc25A is rapidly degraded in response to DNA damage,
which impairs the G;/S transition (Mailand et al., 2000).
Cdc25B is thought to function as a mitotic starter by dephos-
phorylating and activating Cdk2/cyclin A and Cdk1/cyclin B
(Nilsson and Hoffmann, 2000). Cdc25C dephosphorylates
and activates the Cdk1/cyclin B mitotic kinase complex, thus
permitting cell entry into mitosis and controlling the initia-
tion of S-phase (Turowski et al., 2003). In addition to their
prominent role in cell cycle control, the Cdc25 phosphatases
are involved in mitogenic and steroid receptor signal trans-
duction pathways and apoptotic responses to stress (Lyon et
al., 2002).

Elevated levels of Cd25A and Cdc25B but not Cdc25C have
been noted in many human tumor types, such as breast,
ovary, colon, and head and neck, where there seems to be a
remarkable association with high protein levels and either
tumor aggressiveness or poor prognosis (Cangi et al., 2000;
Takemasa et al., 2000; Lyon et al., 2002). Cdc25A and
Cdc25B have been reported to transform cells in cooperation
with the Ras oncogene or in the absence of the Retinoblas-
toma tumor suppressor protein (Galaktionov et al., 1995).
Cdc25 B expression is increased after transformation of pri-
mary fibroblasts with simian virus 40 large T antigen (Vogt
et al., 1998) and after treatment with a human pulmonary
carcinogen in human lung cells (Oguri et al., 2003). Cdc25A
and B are also transcriptional targets of the c-myc oncogene
(Galaktionov et al., 1996). Thus, overexpression of Cdc25
phosphatases in neoplasia might provide a growth advantage
through the loss of critical cell cycle checkpoint controlling
mechanisms or by loss of normal apoptotic signaling mecha-
nisms (Lyon et al., 2002). Therefore, there has been consid-
erable interest in identifying selective, cell active inhibitors
of Cdc25 phosphatases.

Thus, the current work was initiated on the belief that
novel selective Cdc25 inhibitors could be obtained by using a
general and unbiased in vitro screening approach evaluating
a chemically diverse compound library enriched with com-
pounds having drug-like properties. We describe the discov-
ery and characterization of the naphthofurandiones, a novel
class of Cdc25 inhibitors that have an ortho-quinoid sub-
structure, have inhibitory specificity, seem to be reversible,
block cell cycle progression, and demonstrate growth inhibi-
tory activity against human tumor cells in culture.

Materials and Methods

Library Chemicals. The PRIME-Collection compound library,
which consists of 10,000 drug-like small molecules (average molec-
ular mass, 350 Da), was obtained from Chembridge, Inc. (San Diego,
CA). We have used the Chembridge compound nomenclature (i.e., ID
number) throughout this manuscript for compounds obtained from
the vendor to facilitate their acquisition by the readers. These
compounds were selected from the vendor’s collection of drug-like
molecules based on a three-dimensional pharmacophore analysis
to represent the broadest component of biologically relevant phar-

Cdc25B Phosphatase Inhibitors 825
macophore diversity space. Each compound was dissolved in
DMSO at an average concentration of 10 uM. For some studies, we
used compounds kindly provided by Jill Johnson of the Develop-
mental Therapeutic Program of the National Cancer Institute.

Synthesis of CRS-057. The diacid 5661118 (1.0 mg, 3.9 umol)
was obtained from Chembridge Inc. and dissolved in 600 ul of meth-
anol. We then added 200 pmol of trimethylsilyl diazomethane dis-
solved in 100 ul of hexane, and the reaction mixture was stirred for
10 min, quenched with saturated NH,Cl solution, and extracted with
ethyl acetate. The combined organic layers were washed with brine,
dried (Na,SO,), and concentrated. The residue was purified by chro-
matography on SiO, (3:1, hexanes/EtOAc), resulting in 1.1 mg of a
colorless solid identified as 3a,4,5,9b-tetrahydro-3H-cyclopentalc]
quinoline-4,8-dicarboxylic acid dimethyl ester (CRS-057) (99% pure).
Relevant 'H NMR (C¢Dg) data: & 7.98 (s, 1 H), 7.88 (dd, J = 8.4, 1.7
Hz, 1 H), 6.00 (d, J = 8.4 Hz, 1 H), 5.568-5.52 (m, 1 H), 5.38-5.33 (m,
1H),4.23 (bs, 1 H), 3.69 (d, J = 8.2 Hz, 1 H), 3.57 (s, 3 H), 3.26 (s, 3
H), 3.01-2.95 (m, 1 H), 2.46-2.37 (m, 1 H), 2.11-2.03 (m, 1 H),
1.35-1.22 (m, 1 H).

In Vitro Enzyme Assays. Epitope-tagged (either Hisg or gluta-
thione S-transferase) Cdc25A;, Cdc25B,, Cdc25C,, were expressed
in E. coli and purified by nickel-nitrilotriacetic acid (Hisg) resin or
glutathione-Sepharose resin (glutathione S-transferase). Human re-
combinant VHR, PTP1B, and bovine kidney protein phosphatase
2A2 was purchased from BIOMOL (Plymouth Meeting, PA). PP2A2
enzyme activity was measured using the ProFluor Ser/Thr phospha-
tase assay kit from Promega (Madison, WI). Activities of all other
PTPases and DSPases were measured using the substrate O-methyl
fluorescein phosphate (OMFP; Sigma, St. Louis, MO) at concentra-
tions varying with the K, of each enzyme in a 96-well microtiter
plate assay based on methods described previously (Lazo et al.,
2001). The final incubation mixtures (25 ul) were prepared with a
Biomek 2000 laboratory automation workstation (Beckman Coulter,
Inc., Fullerton, CA). Fluorescence emission from the product was
measured after a 20- or 60-min incubation period at ambient tem-
perature with a multiwell plate reader [Cytofluor II; Applied Biosys-
tems, Foster City, CA; excitation filter, 485 nm (20 nm bandwidth);
emission filter, 530 nm (30 nm bandwidth)]. Best curve fit for
Lineweaver-Burk plots and K; values was determined by using the
curve fitting programs Prism 3.0 (GraphPad Software, Inc., San
Diego, CA) and Sigma Plot 2000, Enzyme Kinetics Module 1.0 (SPSS,
Inc., Chicago, IL). For enzyme inhibition kinetics studies, we used a
minimum of six compound concentrations and five substrate concen-
trations. Velocities were calculated by recording fluorescence read-
ings every 5 to 10 min for 60 min. For studies on the reversibility of
inhibitors, we used a protocol similar to a dilution method described
previously (Sohn et al., 2003). Purified Cdc25B full-length enzyme
was dialyzed in 2X assay buffer (60 mM Tris, 2 mM EDTA, and 150
mM NaCl, pH 8.0) before incubation with 30 uM 5169131 or 2.5 uM
DA3003-1 for 0, 5, or 20 min at room temperature. Enzyme was also
incubated with DMSO as a positive control. After preincubation with
inhibitor or DMSO, samples were diluted by 10-fold, and remaining
enzyme activity was determined by a phosphatase assay using O-
methyl fluorescein phosphate substrate as described above.

Cdk1/cyclin B protein kinase assays were performed using puri-
fied Cdkl/cyclin B from New England Biolabs (Beverly, MA). We
incubated 40 U of Cdk1/cyclin B in kinase buffer (50 mM Tris-HCI,
10 mM MgCl,, 1 mM EGTA, 2 mM dithiothreitol, and 0.01% Brij 35,
pH 7.5) containing 100 uM ATP, 10 uCi of [y-32P]ATP, and 0.3 mg/ml
Histone H1 with either DMSO vehicle, roscovitine (50 pM), or
5169131 (1-30 uM) for 30 min at 30°C. A sample containing no
Cdk1/cyclin B enzyme was used as a negative control. Reactions were
stopped by addition of SDS electrophoresis loading buffer, followed
by boiling for 5 min. Samples were resolved on a 12% Tris-glycine gel
that was fixed (50% methanol, 10% acetic acid, 40% dH,0) and dried
on a Bio-Rad model 583 gel dryer (Hercules, CA) before exposing to
a phosphor screen. Radioactive bands were analyzed on a Storm 860
Phospholmager (Amersham Biosciences, Piscataway, NJ).
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Antiproliferative Assays. The proliferation of human MDA-
MD-435 breast and PC-3 prostate cells was measured by our previ-
ously described fluorescence-based assay with a Cellomics Array-
Scan II (Vogt et al., 2002). In brief, cells (1000 per well) were plated
and treated in two 384-well collagen-coated darkwell plates (Biocoat;
Becton-Dickinson Labware, Bedford, MA). After an 18-h attachment
period, one plate was stained and analyzed as described below to
establish cell densities at the time of treatment. The other plate was
treated with various concentrations of 5169131 or vehicle (DMSO)
and incubated for an additional 96 h in a humidified atmosphere of
5% CO, at 37°C. Cells were stained with 2 pug/ml Hoechst 33342 in
complete growth medium, fixed with 6% formaldehyde for 10 min at
room temperature, and washed twice with PBS. Plates were sealed
and cells were enumerated on an ArrayScan II HCS reader (Cello-
mics, Pittsburgh, PA).

Three images per well were acquired using an Omega XF93 filter
set at excitation/emission wavelengths of 350/461 nm. A nuclear
mask was generated from images of Hoechst 33342-stained nuclei,
and object identification thresholds and shape parameters were set
such that the algorithm identified more than 90% of the nuclei in
each field. Objects that touched each other or the edge of the image
were excluded from the analysis. The number of cells per field was
determined by enumerating objects in the Hoechst channel. Using
this method, typical cell densities for vehicle-treated cells at the
beginning and at the end of the study ranged from 10 to 40 cells per
field and 150 to 400 cells per field, respectively. The median growth
IC;, was defined as the concentration of drug that inhibited cell
expansion over 4 days by 50%.

Human leukemia K562 and K/VP.5 cells were grown in suspen-
sion, plated in 24-well plates at a concentration of 1.5 to 1.7 X 10°
cells/ml, and incubated with various concentrations of 5169131 for
48 h, after which cells were counted on a model ZBF Coulter counter
(Beckman Coulter). The ICg, growth-inhibitory concentration for
each cell line was calculated from a nonlinear least-squares fit to a
four parameter logistic equation.

Flow Cytometry. tsFT210 cells are a temperature-sensitive
Cdk1 mutant cell line isolated from the mouse mammary carcinoma
cell line FM3A (Osada et al., 1997). tsFT210 cells were plated at 0.5
to 1 X 10° cells/ml, maintained at the permissive temperature of
32.0°C in a humidified atmosphere of 5% CO,, and treated as de-
scribed previously (Pu et al., 2002). In brief, cell proliferation was
arrested at the G,/M transition by incubation at 39.4°C for 17 h. To
probe for reinforcement of the G,/M arrest induced by the com-
pounds, we incubated cells at 32.0°C in the presence of various
concentrations of 5169131, 5661118, nocodazole, or DMSO vehicle
for 6 h. To probe for G, arrest induced by the compounds, we incu-
bated temperature-arrested cells (at G,/M) at the permissive tem-
perature (32°C) for 4 to 6 h followed by treatment of these Gy
synchronized cells for 6 h with various concentrations of 5169131,
5661118, roscovitine, or DMSO. Asynchronous cells were treated for
24 h. Cells were harvested with phosphate-buffered saline, fixed in
ice-cold 70% ethanol overnight at —20°C, washed twice in phosphate-
buffered saline, and stained with 500 ul of propidium iodide/RNase
staining buffer per 1 X 10 cells (BD Pharmingen, San Diego, CA).
Flow cytometry was conducted on a FACSCalibur flow cytometer
(BD Pharmingen) and data were analyzed using ModF'it LT cell-cycle
analysis software (Verity Software House, Topsham, ME).

Immunoprecipitation and Western Blotting. tsFT210 cells
were arrested in G,/M by incubation at 39.4°C for 17 h. We then
added 5169131 (1-30 M) or DMSO vehicle to cells for 1 h at 32°C.
Cells were suspended and vortexed every 10 min in ice-cold lysis
buffer (50 mM Tris HCI, pH 7.5, containing 250 mM NaCl, 5 mM
EDTA, and 0.1% Triton X-100) supplemented with various protease
and phosphatase inhibitors. Total protein concentration was deter-
mined by Bradford assay (Bio-Rad, Hercules, CA), and lysates were
incubated with 50 ul of an anti-Cdc2 p34 IgG,, mouse monoclonal
antibody-agarose conjugate (Santa Cruz Biotechnology, Santa Cruz,
CA) overnight at 4°C on an orbital rocker. Immunocomplexes were

washed three times in ice-cold phosphate-buffered saline supple-
mented with protease and phosphatase inhibitors. Immunocom-
plexes were boiled in SDS electrophoresis loading buffer and super-
natants were resolved on a 12% Tris-glycine gel. Proteins were
transferred to a nitrocellulose membrane and blotted with anti-
phospho-Cdc2 (Tyrl5) rabbit polyclonal antibody (Cell Signaling
Technology, Beverly, MA) for detection of hyperphosphorylated
Cdkl. Membranes were stripped and reprobed with an anti-Cdk1
mouse monoclonal antibody (Santa Cruz Biotechnology) for detection
of total levels of Cdk1 (loading control). To examine cellular Cdc25A
inhibition, we transfected HeLa cells with a cytomegalovirus promot-
er-driven plasmid encoding an HA epitope tagged Cdc25A (CMV-HA-
Cdc25A) and treated 24 h later with vehicle or 5169131 (20 or 30 uM)
for 2 h. The ectopically expressed Cdc25A was immunoprecipitated
with an anti-HA.11 mouse monoclonal antibody (Covance, Berkeley,
CA), and Cdc25A activity was determined by our in vitro OMFP
assay similar to methods described previously (Turowski et al., 2003;
Brezak et al., 2004).

Molecular Modeling Studies. The deposited crystal structure of
the catalytic subunit of Cdc25B (Protein Data Bank code 1QB0)
(Reynolds et al., 1999) served as the structural basis for modeling of
the complexes Cdc25B/5169131 and Cdc25B/OMFP. All calculations
were carried out with the MOE software package (Chemical Com-
puting Group Inc., Montreal, PQ, Canada). Docking simulations
were carried out using the MMFF94 force field (Halgren, 1996) and
implicit solvation model. Docking of the inhibitor to Cdc25B was
performed using the MOE-Docked subroutine. The inhibitor was
placed within the catalytic loop (His472—-Arg479), and a relatively
large docking box (78 X 73 X 57 Ag) was defined around the inhibitor
to include any possible binding site. Using a simulated annealing
search protocol, 70 docking runs were performed starting each time
from a random position within the docking box at an initial temper-
ature of 1000 K. The docking simulations were carried out on a Xeon
3.0 GH Dell workstation during a 10-day period. Low energy confor-
mations were further refined by energy minimization using the
MMFF94s force field and implicit solvation model until the norm of
the gradient was less than or equal to 0.1 keal/mol/A. A model for the
Cdc25B/OMFP complex was formed by overlapping the phosphate
group of OMFP with the sulfate group bound to the catalytic loop of
Cdc25B. Three possible overlap orientations were tested (based on
the 120° symmetry of the sulfate oxygen atoms). The energies of the
resulting complexes were minimized and the lowest energy confor-
mation was selected.

Results

Twenty-three compounds in our initial chemical library of
10,000 compounds were found to inhibit recombinant full-
length human Cdc25B with IC;, values of 10 uM or less. Two
compounds, 5661118 (Fig. 1) and 5169131 (Figs. 3), were
selected for further analysis because of their unique core
chemical structures, which had not previously been reported
to have antiphosphatase activity. The dicarboxylated cyclo-
pentaquinoline 5661118 (Fig. 1) had IC;, values against
Cdc25B, VHR, and PTP1B of 2.5 = 0.1, >100, and 6.6 = 0.1
uM, respectively. With the catalytic domain of Cdc25A, we
found 5661118 had an ICy, of 5.4 uM and exhibited mixed
partial competitive inhibition with an apparent K; of 9.0 +
1.9 uM (SEM; n = 3) (Fig. 2). We probed for structural
features important for Cdc25 inhibition in the original 10,000
compound library screen by searching for compounds with
the cyclopentaquinoline substructure and identified
5654435, 5660797, and 5729543 (Fig. 1). We obtained addi-
tional cyclopentaquinolines from the company’s master li-
brary and from the National Cancer Institute’s Chemical
Repository, which we had previously studied (Lazo et al.,



2001, 2002). The only cyclopentaquinoline with similar in-
hibitory effects was the diacid 5654435 (Cdc25B IC,, = 4.5
uM). Compound 5660797 demonstrated that replacement of
one acid moiety in 5654435 with chlorine caused a 6-fold
increase in IC,, value for Cdc25B. The uniqueness of
5661118 was further illustrated by the lack of any detectable
Cdc25B inhibitory activity with other related compounds
(namely, 5729543, NSC 627021, NSC 604519, and NSC
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Fig. 1. Chemical structures of cyclopentaquinoline analogs with their
corresponding IC;, concentrations against recombinant full-length hu-
man Cdc25B.
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Fig. 2. Kinetic analysis of Cdc25A inhibition by 5661118. Lineweaver-
Burk plot of 5661118 inhibition of Cdc25A catalytic domain illustrating
mixed partial inhibition. Results are mean * S E.M. (n = 3).
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655442) at 100 uM (Fig. 1). Because Cdc25 phosphatases
have a central role in controlling cell cycle progression, we
further evaluated the ability of 5661118 to arrest cell cycle
progression at the Go/M phase with our previously described
tsFT210 cells (Pu et al., 2002). Although the positive control
compound nocodazole caused clear G,/M arrest, concentra-
tions =30 uM of 5661118 had no noticeable effect on cell cycle
progression (data not shown). We synthesized the diester
derivative of 5661118, CRS-057, to enhance possible cell en-
try, but this compound had no in vitro inhibitory activity
against Cdc25B at 100 uM, further emphasizing the impor-
tance of the diacid motif for inhibitory activity. When we
tested the cell cycle effects of the diester analog CRS-057,
which theoretically should more readily enter cells and be
trapped because of esterase cleavage, we observed no Gy,/M
phase arrest (data not shown). Although we cannot exclude
the possibility that CRS-057 failed to enter cells or was not
de-esterified within the tsFT210 cells, we elected to focus our
efforts on the naphthofurandiones, described in detail below,
because of their lack of PTP1B inhibitory activity and the
apparent reversibility of Cdc25 inhibition.

The naphthofurandione 5169131 (Fig. 3A) had IC;, values
against Cdc25B, Cdc25A, and Cdc25C of 10.4 = 0.1, 5 = 0.1,
and 8.8 = 0.1 uM, respectively (mean =S.E.M.; n = 8) (Fig.
3B). This compound also demonstrated considerable specific-
ity for Cdc25 dual specificity phosphatases as reflected by the
lack of significant inhibition of VHR and PP2A2 (IC;, > 100
pM) and PTP1B (IC5, = 67.0 = 0.1 uM) (SEM; n = 8). An
additional naphthofurandione, 5169133, was found in the
10,000-compound library and was evaluated for inhibition of
Cdc25A, -B, and -C (Fig. 3, A and C). This brominated analog
of 5169131 was markedly less effective as a phosphatase
inhibitor with ICg, values against Cdc25A, Cdc25B, and
Cdc25C of 57.5 = 0.1, 58.7 = 0.1, and 41.1 = 0.1 uM (SEM;
n = 4), respectively.

Kinetic studies with 5169131 and Cdc25B revealed a com-
petitive inhibition profile with an apparent K, of 4.5 = 0.6 uM
(range; n = 2) (Fig. 4A). To assess the reversibility of Cdc25B
inhibition, we used a dilution method described previously
(Sohn et al., 2003) in which the enzyme is preincubated for
various times with a high concentration of a putative inhib-
itor in the absence of the substrate, followed by 10-fold dilu-
tions of the enzyme and inhibitor before assaying for remain-
ing enzyme activity. An irreversible inhibitor would be
expected to cause time-dependent inhibition of the enzyme in
excess of that seen with enzyme that was not preincubated
with the inhibitor. On the other hand, a reversible inhibitor
should have no effect on enzyme activity when preincubated
with the enzyme. Cdc25B was preincubated for 0, 5, and 20
min with a concentration of 5169131 (30 uM) that was 3-fold
greater than the IC;, or with the DMSO vehicle control to
determine the remaining enzyme activity after compound
dilution (Fig. 4B). We also preincubated the enzyme with
DA3003-1, a previously described (Lazo et al., 2001) irrevers-
ible para-quinone inhibitor known to form covalent adducts
with Cdc25 (Pu et al., 2002) at =3 times the I1C;, concentra-
tions (2.5 uM) for the same time periods. Preincubation of
Cdc25B with the irreversible inhibitor DA3003-1 for 0 and 5
min resulted in 65 to 70% reduction in phosphatase activity.
After a 20-min preincubation, a time-dependent reduction in
enzyme activity was observed with ~90% of the enzyme
activity inhibited by DA3003-1 (Fig. 4B). In contrast, we
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Fig. 3. Chemical structures and Cdc25B phosphatase inhibition by naph-
thofurandiones. A, chemical structures of two naphthofurandiones. B,
concentration response curves for 5169131. C, concentration response
curves for 5169133. Recombinant full-length human Cdc25 phosphatases
were incubated with various concentrations of 5169131 and 5169133 at
room temperature for 60 min. Fluorescence emission from the product
was measured with a multiwell plate reader as described under Materials
and Methods. Results are mean = S E.M. (n = 4).

found that preincubation of Cdc25B with 5169131 did not
irreversibly inhibit Cdc25B (Fig. 4B).

Because of the promising in vitro results we observed with
5169131, we next examined the cellular actions of the inhib-
itor. We first tested the ability of 5169131 to arrest cells at
the G,/M phase of the cell cycle, because an inhibitor of
Cdc25 should block cell cycle progression. Incubation of
tsFT210 cells at the restrictive temperature of 39.4°C for 17 h
resulted in G,/M arrest (Fig. 5B; Table 1). We then released
the synchronized cells in the presence of 1 to 30 uM 5169131
for 6 h at 32°C (Fig. 5, E-H). Compared with cells treated
with the vehicle control (Fig. 5C), cells exposed to 5169131
clearly demonstrated a concentration-dependent Go/M arrest
consistent with inhibition of the Cdc25 phosphatase family
(Fig. 5, E-H; Table 1). Cells treated with 20 or 30 uM
5169131 showed G,/M arrest that began to approach that
seen with nocodazole-treated control cells (Fig. 5D). These
compound concentrations were also cytotoxic, resulting in 20
and 50% cell death, respectively, base on Trypan Blue dye
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Fig. 4. 5169131 is a competitive and reversible inhibitor of Cdc25B. A,
kinetic analysis of 5169131 inhibition of full-length human recombinant
Cdc25B. The Lineweaver-Burk plot demonstrates competitive inhibition.
Results are representative of two separate experiments. B, reversibility of
Cdc25B inhibition with 5169131. Recombinant Cdc25B was preincubated
with 3X the IC,, value of DA3003-1 (2.5 uM) or 5169131 (30 uM) for 0, 5,
or 20 min in the absence of the substrate and then diluted 10-fold and
assayed for enzyme activity. Results are mean = S.E.M. (n = 3).
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Fig. 5. G,/M arrest by 5169131.
tsFT210 cells were cultured at the
permissive temperature of 32°C and
then incubated for 17 h at the non-
permissive temperature (39.4°C).
DMSO or drug was added to cells
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for an additional 6 h at 32°C. A,
¢ asynchronous control. B, G,/M ar-
rested cells after temperature shift
H for 17 h at 39.4°C. C, DMSO-treated
cells. D, cells treated with 1 uM no-
codazole (positive control). E-H,
cells treated with 1 to 30 uM
5169131. Data are representative of

two independent experiments.
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exclusion (data not shown). A small amount of G,/M arrest
was still apparent with 10 uM inhibitor (Fig. 5F; Table 1). It
is interesting that a pre-G; peak indicative of an apoptotic
cell population was apparent with 10 to 30 uM inhibitor
concentrations. The toxicity and pre-G; peaks observed at
the highest compound concentrations could be indicative of
apoptotic death induced by 5169131; however, the exact
mechanisms of cell death have yet to be determined. The
percentage of cells at each phase of the cell cycle under the
various treatments is presented in Table 1.

Inhibition of Cdc25A, -B, and/or -C should induce not only
G,/M arrest but also Cdk1 hyperphosphorylation. Thus, we
arrested tsFT210 cells at G,/M, followed by exposure to var-
ious concentrations of 5169131 or DMSO vehicle control for
1 h. The cells were lysed and immunoprecipitated with an
anti-Cdk1 mouse monoclonal antibody. Proteins were trans-
ferred to nitrocellulose membranes and immunoblotted with
an anti-phospho-Cdkl (Tyrl5) antibody. Treatment with
5169131 resulted in a concentration-dependent increase in
Cdk1 hyperphosphorylation (Fig. 6A). When the phospho-
Cdk1 levels with each treatment were normalized to the total
Cdk1 levels by densitometry and compared with DMSO
treated cells, we found 1.6-, 2.6-, and 4.5-fold increases in
phospho-Cdk1 with 10, 20, and 30 uM 5169131, respectively.
The levels of hyperphosphorylation corresponded to the con-
centration-dependent increase in Go/M arrest seen in Fig. 5.
Cells treated with the DMSO vehicle continued to progress
past Go/M, resulting in no hyperphosphorylation of Cdk1.
These results are consistent with what would be expected of
an inhibitor of Cdc25 phosphatases. The Go/M arrest caused
by 5169131 could not be ascribed to the direct inhibition of
Cdk1 kinase activity because 5169131 (1-30 uM) had no
significant inhibitory effect on purified Cdk1/cyclin B kinase
using Histone H1 as a substrate compared with vehicle con-
trol (Fig. 6B). In contrast, roscovitine, a nonspecific inhibitor
of cyclin-dependent kinases, significantly reduced Cdk1/cy-
clin B kinase activity.

Because 5169131 exhibited in vitro Cdc25A inhibitory ac-
tivity, we also probed whether or not the compound could

cause a G; phase arrest. Thus, Go/M arrested tsFT210 cells
(Fig. 7B) were released into G; by incubating cells at the
permissive 32°C temperature. After 4 to 6 h, almost 60% of
the cells were in the G; phase (Fig. 7C; Table 2). We then
added 1 to 30 uM 5169131 and incubated cells at the permis-
sive temperature for an additional 6 h (Fig. 7, F-I; Table 2).
Compared with cells incubated with the DMSO vehicle con-
trol (Fig. 7D; Table 2), cells treated with 20 or 30 uM 5169131
exhibited a pronounced G, arrest (Fig. 7, H-I) that approxi-
mated the inhibition seen with 50 uM roscovitine (Fig. 7E).
We observed a smaller G; arrest with 1 and 10 uM 5169131
compared with DMSO control cells (Fig. 7, F-G). It is also
notable that the pre-G,; apoptotic peak seen with 5169131-
induced Go/M arrested cells (Fig. 5) was not apparent in the
G,-arrested cells at any of the 5169131 concentrations tested.
Moreover, unlike the Go/M arrested cells, no toxicity was
observed with a Trypan blue exclusion assay at any of the
concentrations of 5169131 tested in the G;-arrested cells. The
percentage of cells at each phase of the cell cycle under the
various treatments is presented in Table 2.

G, arrest induced by 5169131 could be caused by direct
inhibition of Cdc25A in cells. To investigate this hypothesis,
Hela cells transfected with a CMV-HA-Cdc25A plasmid con-
struct were exposed to DMSO vehicle or 5169131 at 20 and
30 uM for 2 h. Using an approach that emulates one de-
scribed previously (Turowski et al., 2003; Brezak et al.,

TABLE 1
Cell cycle analysis of G,/M-arrested tsFT210 cells treated with 5169131

Data are the mean of two individual experiments * range.

Cell Treatment G, S Go/M
%

Asynchronous 23 + 4 53+5 24 + 1
G,/M arrest 1+1 183 81 x4
DMSO 60 = 10 19+11 21+1
1 uM Nocodazole 2+ 2 18 =8 80 + 10
30 uM 5169131 9+3 20+ 9 71+6
20 uM 5169131 16 = 23 £ 6 61 +3
10 uM 5169131 43 + 11 21 +6 36 =4
1 uM 5169131 58 + 12 21 12 21+1
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Fig. 6. Effect of 5169131 on Cdk1l phosphorylation status and Cdkl
kinase activity. G,/M-arrested tsFT210 cells were released for 1 h in the
presence of various concentrations of 5169131 or DMSO vehicle followed
by immunoprecipitation with anti-Cdk1l mouse monoclonal antibody. A,
Western blot probed with phospho-Cdk1 (Tyr15) antibody. Phospho-Cdk1
bands were normalized to total Cdkl levels (loading control) by densi-
tometry and then divided by the DMSO control value to determine fold
increase over DMSO. B, kinase activity assay with Cdk1/cyclin B kinase
incubated with DMSO vehicle, roscovitine, or 5169131 using Histone H1
as a substrate. 5169131 caused a concentration-dependent increase in
hyperphosphorylation of Cdkl in cells and did not affect Cdk1 kinase
activity in vitro.

2004), we immunoprecipitated cell lysates with an anti-
HA.11 mouse monoclonal antibody (Covance, Berkeley, CA)
and assayed for remaining Cdc25A activity using our in vitro
enzyme assay with OMFP as a substrate (see Materials and
Methods). We found that 20 and 30 uM 5169131 inhibited
ectopic Cdc25A activity by 57.6 and 100%, respectively, com-
pared with DMSO vehicle control. These results suggested
that 5169131 could directly inhibit cellular Cdc25A and pro-
vide a basis for the G; arrest observed in Fig. 7.

Because cell death was apparent in tsFT210 cells after
treatment with 5169131, we examined cell proliferation of
human PC-3 prostate and MDA-MB-435 breast cancer cells
in the presence of increasing concentrations of the Cdc25
inhibitor (0.1-100 pM). Both of these cell lines express
Cdc25A, Cde25B, and Cdc25C (data not shown). 5169131
indeed inhibited cell growth at IC;, concentrations of 6.5 uM
for PC-3 cells and 1.2 uM for MDA-MB-435 cells (Fig. 8A).

A number of naphthoquinones, including the ortho-qui-
none B-lapachone, have previously been found to inhibit to-
poisomerase Ilq, resulting in increased DNA damage (Fryd-
man et al., 1997; Wang et al., 2001). To assess whether or not
the cellular effects of 5169131 were the result of inhibition of
topoisomerase Ila, we examined the growth inhibition of
5169131 in two additional cell lines: parental K562 cells and
K/VP.5 cells, which have altered levels of topoisomerase 1.
K/VP.5 cells express less topoisomerase IIa than the K562
cell line and are resistant to VP-16 and other DNA topoisom-
erase II poisons (Ritke et al., 1994). Both of these cell lines,
however, express Cdc25 phosphatases. As seen in Fig. 8B,
5169131 induced growth inhibition in both K/VP.5 and K562
cells with similar IC,, values of 1.1 and 1.5 uM. Therefore,
inhibition of cell proliferation by 5169131 did not seem to be
caused by inhibition or poisoning of DNA topoisomerase II in
a cellular context.

Finally, we interrogated possible sites of interaction for
5169131 with Cdc25B by molecular modeling. Using previ-
ously published coordinates (Reynolds et al., 1999), we per-
formed docking simulations to predict the most energetically
favorable binding site of 5169131. The inhibitor was found to
bind within the groove that extends from the catalytic loop of
Cdc25B (Fig. 9A). This groove contains the residues 427, 428,
442448, 479, and 531 to 550.

To investigate the potential of competitive binding between
5169131 and the OMFP substrate, we explored possible po-
sitions and orientations of OMFP with the catalytic domain
of Cdc25B. The phosphate group of OMFP was positioned to
occupy the same location as the sulfate ion bound to the
catalytic site of the crystal structure. The binding orientation

Fig. 7. G, phase arrest by 5169131.
tsFT210 cells were cultured at the
permissive temperature of 32°C and
3N 4N then incubated at the nonpermis-
sive temperature (39.4°C) for 17 h
as described in Fig. 6. Cells were
then released for 4 to 6 h at 32°C to
arrest cells at the G; checkpoint.
DMSO or drug was added for an

additional 6 h at 32°C. A, asynchro-
nous control. B, Gy/M-arrested cells
after temperature shift for 17 h at
39.4°C. C, Gj-arrested cells after
temperature shift back to 32°C. D,
DMSO-treated cells. E, cells treated
with 50 uM roscovitine (positive
control). F-I, cells treated with 1 to
30 M 5169131. Data are represen-
tative of two independent experi-
ments.
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TABLE 2
Cell cycle analysis of G;-synchronized tsFT210 cells treated with
5169131

Data are the mean of two individual experiments * range.

Cell Treatment Gy S Go/M
%
Asynchronous 23+ 2 57+ 1 20 =1
G, 59 = 16 21 + 12 20 + 4
DMSO 17+5 69 + 11 14+7
30 uM 5169131 44 +9 36+ 1 20 = 10
20 uM 5169131 28 + 7 52 + 2 20 = 10
10 uM 5169131 17+3 68 +5 15+ 2
1 uM 5169131 19+ 4 71+ 11 10 =7
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Fig. 8. Growth inhibitory effects of 5169131 in human PC-3 prostate cells,
MDA-MB-435 breast cancer cells, parental human leukemia K562 cells, and
VP-16 resistant K/VP.5 cells containing reduced levels of DNA topoisomer-
ase Ila. A, MDMA-MB-435 and PC-3 cells were treated with vehicle or
5169131 for 96 h and nuclei were enumerated by automated batch image
acquisition and analysis. Data were normalized to expansion of vehicle-
treated cells over a 4-day period and represent the averages of 4 to 5
independent experiments = S.E.M. B, K562 and K/VP.5 cells were treated
with 5169131 for 48 h before assessment of growth inhibition by counting
cells on a model ZBF Coulter counter. The extent of growth in drug-treated
versus control cells was expressed as percentage inhibition of control growth.
Results shown are composites from three separate experiments performed
on separate days. 5169131 inhibited proliferation of these cell lines and was
unaffected by differing levels of DNA topoisomerase Ila.
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A

Fig. 9. Binding model. A, superposition of the molecular models for
bound conformations of the 5169131 inhibitor and the OMFP substrate
obtained independently with the catalytic domain of Cdc25B illustrat-
ing the close overlap between their binding sites, consistent with their
competitive binding. Based on the model, 5169131 binds to the groove
that extends from the catalytic side. The Cdc25B backbone is shown in
yellow, and OMFP and 5169131 are represented as ball and
stick models. Atoms are colored gray (carbon), red (oxygen), yellow
(sulfur), green (chlorine), blue (nitrogen) and purple (PO,). The figure
was obtained using the MOE program (Chemical Computing Group
Inc.). B, conformation of the inhibitor 5169131 (stick representation)
at the binding cavity of the Cdc25B protein represented as Connolly
surface. Color index: red, exposed; green, hydrophobic; and blue, hy-
drophilic.
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of the sulfate group is identical to the one observed in other
PTPase structures and is thought to mimic the symmetry of
the sulfate oxygens. Energy minimization of the resulting
complexes yielded the orientation shown in Fig. 9A. The
figure illustrates the superposition of the models for 5169131
and OMFP, which reveals a steric interference between these
two moieties at the catalytic site of the enzyme. This could
explain the competitive nature of the 5169131 inhibitor seen
in the kinetic studies in Fig. 4.

Further examination of the model of 5169131 with Cdc25B
points to individual amino acids of the enzyme that might
interact with the inhibitor. Figure 9B shows that the upper
inner wall of the binding cavity is hydrophobic (shown in
green). This part of the cavity is composed of the amino acids
Lys445, Phe543 and Tyr428, which could form hydrophobic
interactions with the benzene ring of 5169131. Figure 10A
demonstrates how the naphthoquinone rings in 5169131
could be stacked between the two guanidinium side chains of
Arg482 and Argh44, forming favorable interactions. In addi-
tion, the model predicts that the phenolic hydroxyl group of
Tyr428 should be located above the center of the naphtho-
quinone rings and forms hydrogen 7 interactions.

The inhibitor 5169133 is a markedly less potent congener
of 5169131, containing a single bromide atom (Fig. 3). It is
interesting that when we modeled 5169133 with the Cdc25B
catalytic domain (Fig. 10B), we found that the naphthoqui-
none rings of 5169133 could also directly interact with the
side chains of Arg482 and Arg544, but the bromide would
sterically clash with T547, having only a 2.41 A distance
between the bromide atom and the Cy atom of Thr547.
Hence, this model provided a potential explanation for the
difference in potency observed between 5169131 and 5169133
with respect to the Cdc25B target enzyme.

Discussion

Discovery of potent, reversible, and selective inhibitors of
Cdc25 phosphatases should facilitate the elucidation of bio-
logical substrates and functions for these enzymes. Further-
more, potential inhibitors may prove to be useful in targeted
cancer therapies because of the oncogenic nature of Cdc25A
and Cdc25B in cancer cell lines. Although crystal structures
for the catalytic domain of Cdc25A and Cdc25B have been
published (Fauman et al., 1998; Reynolds et al., 1999), nei-

Fig. 10. Molecular model of the interaction of
5169131 and 5169133 with the amino acids in
the binding cavity adjacent to the Cdc25B cat-
alytic site. A, interactions of 5169131 with the
side chains of amino acids Arg482, Arg544, and
Tyr428. B, the 5169133 congener differs from
5169131 by the substitution of a hydrogen atom
with a bromine, which is predicted to violate the
van der Waals radius of the Cy atom belonging
to the spatially neighboring amino acid Thr547
of Cdc25B. Atoms are colored gray (carbon), red
(oxygen), blue (nitrogen), and brown (bromine).
The MOE program (Chemical Computing
Group Inc.) was used to obtain the figure.
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ther revealed the nature of interactions with small molecule
inhibitors. Moreover, the phosphatase substrate may initiate
key conformational changes and provide an important cata-
Iytic acid (Chen et al., 2000; Slack et al., 2001). This has
hampered attempts to design potential inhibitors. Therefore,
there are only a modest number of known DSPase inhibitors,
and almost all were identified using in vitro screening meth-
ods with artificial substrates. Inhibitors derived from natural
products, such as dnacin B;, dysidiolide, menadione, and
coscinosulfate, are either irreproducible, weak, nonspecific,
or form irreversible adducts with Cdc25 (Lyon et al., 2002).
Other synthetic compounds based on Ser/Thr phosphatase
inhibitors, dipeptidyl phosphonates, or steroidal structures
are either not potent or fail to enter cells effectively (Lyon et
al., 2002). To date, some of the most potent and selective
Cdc25 inhibitors contain para-quinone moieties. Compounds,
such as the para-quininolinediones (Lazo et al., 2001) and the
para-naphthoquinones (Lazo et al., 2002), exhibit mixed in-
hibition kinetics and are irreversible inhibitors (Pu et al.,
2002). Others, such as the para-indolyldihydroxyquinones,
are potent, reversible inhibitors of Cdc25B in vitro, but do not
seem to block intracellular Cdc25, based on their failure to
induce cell cycle arrest or affect cellular Cdk phosphorylation
status (Sohn et al., 2003).

We have described herein two novel structural classes of
Cdc25B inhibitors: the cyclopentaquinolines and the naphtho-
furandiones (Figs. 1 and 3). Although the potency of these
compounds against Cdc25 phosphatases (IC;, ~ 2.5-11 uM)
was less than that of several inhibitors described previously,
the naphthofurandiones displayed many of the attributes of a
useful inhibitor lacking in the more potent compounds. For
example, 5169131 showed high selectivity with no in vitro in-
hibition at 100 uM against the dual-specificity phosphatase
VHR and the Ser/Thr phosphatase PP2A2, and low inhibition of
the tyrosine phosphatase PTP1B (IC;, = 67 uM). The data in
Fig. 4 also demonstrated that 5169131 is both a competitive and
reversible inhibitor of Cdc25B. This is important because, until
recently, competitive and reversible inhibitors of Cdc25 dual
specificity phosphatases had not been available. The only com-
petitive, reversible Cdc25 inhibitors reported to date are the
indolyldihydroxyquinones: 2,5-dihydroxy-3-(7-farnesyl-1H-
indol-3-y1)[1,4]benzoquinone and 2,5-dihydroxy-3-(4,6-dichloro-
7-farnesyl-1H-indol-3-yl)[1,4]benzoquinone (Sohn et al., 2003).



Although these two compounds were more potent than
5169131, with an in vitro K, against the catalytic domain of
Cdc25B of 640 and 470 nM, respectively, they were ineffective
in cellular assays. The authors attribute their cellular ineffec-
tiveness to significant nonspecific binding of bovine serum al-
bumin in the serum used to culture cells (Sohn et al., 2003).
Thus, we tested the effect of increasing concentrations of bovine
serum albumin (0.03-0.6%, w/v) on 5169131 inhibition of
Cdc25B activity in vitro and found no effect (data not shown).
This encouraged us to examine 5169131 in a cellular context.

5169131 inhibited the proliferation of murine tsFT210
mammary carcinoma cells, human MDA-MB-435 breast can-
cer cells, human PC-3 prostate cancer cells, and human leu-
kemia K562 cells (Fig. 8). Induction of G,/M arrest in syn-
chronized tsFT210 cells (Fig. 5) coincided with
hyperphosphorylation of Cdk1 consistent with a direct effect
on the Cdc25 phosphatases (Fig. 6). When we evaluated the
effects of 5169131 on the cell cycle distribution in asynchro-
nous tsFT210 cells, we found no significant difference in the
cell cycle profile compared with the DMSO-treated control
cells. We did, however, note that after exposure to 20 or 30
uM 5169131, 25 and 80% of cells were dead, respectively,
based on Trypan Blue exclusion (data not shown). The failure
to detect differences in the cell cycle profile of asynchronous
cells could be caused by the inhibition of all Cdc25 phospha-
tases with the prolonged compound exposure, which would
lead to inactivation of all cyclin-dependent kinases and block-
age at G,/S, S, and Go,/M phases of the cell cycle. On the other
hand, asynchronous cells may be less sensitive to growth
inhibition than synchronized cells. Similar differences in
compound sensitivity have been seen between asynchronized
and synchronized cells by other investigators using the
tsFT210 cells with the serine/threonine phosphatase inhibi-
tor tautomycin and the Cdk1 inhibitor sangivamycin (Osada
et al., 1997). The biochemical basis for this interesting dif-
ference between asynchronous and synchronous populations
is not currently known.

We also attempted to model the interactions between
5169131 or the OMFP substrate with the catalytic domain of
the Cdc25B enzyme (Fig. 9A). The overlapping of these mod-
els demonstrated a competition between 5169131 and OMFP
binding to Cdc25B. These results support the competitive
inhibitor kinetic profile that we found for 5169131 (Fig. 4).
Based on the model in Fig. 10A, 5169131 seems to interact
with the residues Arg482 and Arg544 of Cdc25B. It is inter-
esting that these same amino acids have been reported to
interact with our irreversible, para-quinone inhibitors
NSC95397 and NSC663284 (Lazo et al., 2002). Hence, this
model could be tested in the future by mutating both Arg482
and Argb44. After modeling the halogenated 5169131 conge-
ner, 5169133, with Cdc25B, we found the more bulky and
electron-negative bromine seems to encounter severe steric
interference with the neighboring Thr547 amino acid on
Cdc25B, consistent with its decreased potency (Figs. 3C and
10B). Therefore, the modeling results provided a rationale for
the in vitro observations with 5169131 and might be useful
for the design of new synthetic analogs.
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