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The Cdc25 dual specificity phosphatases have central roles in coordinating cellular signaling
processes and cell proliferation, but potent and selective inhibitors are lacking. We experi-
mentally examined the 1990 compound National Cancer Institute Diversity Set and then
computationally selected from their 140 000 compound repository 30 quinolinediones of which
8 had in vitro mean inhibitory concentrations <1 µM. The most potent was 6-chloro-7-(2-
morpholin-4-ylethylamino)quinoline-5,8-dione (NSC 663284), which was 20- and 450-fold more
selective against Cdc25B2 as compared with VHR or PTP1B phosphatases, respectively. NSC
663284 exhibited mixed competitive kinetics against Cdc25A, Cdc25B2, and Cdc25C with Ki
values of 29, 95, and 89 nM, respectively. As compared with NSC 663284, the regioisomer
7-chloro-6-(2-morpholin-4-ylethylamino)quinoline-5,8-dione was 3-fold less active against
Cdc25B2 in vitro and less potent as a growth inhibitor of human breast cancer cells.
Computational electrostatic potential mapping suggested the need for an electron-deficient
7-position for maximal inhibitor activity. Using a chemical complementation assay, we found
that NSC 663284 blocked cellular Erk dephosphorylation caused by ectopic Cdc25A expression.

Introduction

Reversible protein phosphorylation is a ubiquitous
intracellular process required for mammalian cell com-
munication and growth. Determined by the dynamic
balance between protein kinases and phosphatases,
serine, threonine, or tyrosine phosphorylation can affect
catalytic activity or promote protein-protein interac-
tions that influence subcellular location and functional-
ity. Small molecule inhibitors have provided valuable
tools to decode the role of kinases and phosphatases
participating in specific cellular signaling pathways,
because they are generally reversible and readily enter
cells. Natural product inhibitors of serine/threonine
protein phosphatases, such as okadaic acid and calycu-
lin A, have been extremely valuable reagents to probe
serine/threonine phosphatase function; there is however
an absence of potent and selective inhibitors for the
other major mammalian phosphatase class, namely, the
protein tyrosine phosphatases (PTPase), which includes
the dual specificity protein phosphatase (DSPase) sub-
family. The PTPases are defined by the active site
signature sequence motif HCX5R, where H is a highly
conserved histidine residue, C is the catalytic cysteine,
the five X residues form a loop in which all of the amide
nitrogens hydrogen-bond to the phosphate of the sub-
strate, and R is a highly conserved arginine that
hydrogen bonds to the phosphorylated amino acid of the
substrate.1 While the DSPases retain the conserved

HCX5R motif, they are unique in their ability to
hydrolyze both phosphoserine/threonine and phospho-
tyrosine residues on the same protein substrate.1 Im-
portant members of the DSPase family are the Cdc25
phosphatases, which control cell cycle progression by
activating cyclin-dependent kinases (Cdk)2 and partici-
pate in Raf-1-mediated cell signaling.3

Three Cdc25 homologues exist in humans: Cdc25A,
Cdc25B, and Cdc25C.2,4-6 Cdc25A and B have oncogenic
properties,7 are transcriptional targets of the c-myc
oncogene,8 and are overexpressed in many human
tumors.9,10 Both Cdc25B and Cdc25C are thought to be
regulators of G2/M transition through their ability to
dephosphorylate and activate the Cdk1/cyclin B mitotic
kinase complex, which is required for cell entry into
mitosis.2,11 Cdc25A is likely to be important for G1/S
phase transition and in preserving genomic integrity,12-14

although Cdc25A may also have some role in the
initiation of mitosis.14 Cdc25A is rapidly degraded in
response to DNA damage, which impairs the G1/S
transition.15 Cdc25A may also have other cellular roles
as it has been shown to regulate the tyrosine phospho-
rylation status and kinase activity of Raf-1, which has
a central role in the mitogen-activated kinase signal
transduction pathway.3

Although two crystal structures have been published
for the Cdc25 catalytic domain,16,17 none expose the
nature of interactions with small molecule inhibitors.
Moreover, the protein substrate may initiate key con-
formational changes and provide an important catalytic
acid.18,19 Thus, rational design parameters for potential
inhibitors are lacking. The current work was initiated
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based on the belief that selective Cdc25 inhibitors could
be obtained by using a general and unbiased approach
to evaluate a chemically diverse compound library.
Thus, we probed a small subset of the National Cancer
Institute’s (NCI) 140 000 compound library for a poten-
tial inhibitory pharmacophore and used this information
to identify a pharmacophore yielding the most potent
and selective inhibitor of Cdc25 reported to date. This
compound had marked antiproliferative activity against
human tumor cells and blocked the biochemical actions
of ectopic Cdc25A expression.

Results

Quinolinediones from the NCI Compound Li-
brary Inhibited Human Cdc25. Initially, we exam-
ined the 1990 compounds comprising the NCI Diversity
Set, which was designed to be representative of the
140 000 NCI compound repository. Members of the
Diversity Set have been evaluated by the NCI for growth
inhibition against the NCI 60 Tumor Cell Panel, and
these data are publicly available at http//www.dtp.
nci.nih.gov/. We examined the Diversity Set for in vitro
inhibition of recombinant full-length human Cdc25B2
and found 24 compounds that caused >80% inhibition

at 10 µM. Upon reevaluation, 5 of the 24 compounds
had IC50 values <1 µM; the most potent Cdc25B2

inhibitor was the quinolinedione NSC 668394, which
had an IC50 of 640 ( 130 nM against Cdc25B2 and had
g8-fold preference for Cdc25B2 as compared to the
DSPase VHR or the PTPase PTP1B (Table 1). Moreover,
the mean IC50 for growth inhibition by NSC 668394 was
2.1 ( 2.0 µM when assayed in the NCI 60 Tumor Cell
Panel (see http://www.dtp.nci.nih.gov/). NSC 668394
was the sole quinolinedione in the Diversity Set. The
importance of the 5,8-dione pharmacophore for Cdc25
inhibition was emphasized by the lack of significant
anti-phosphatase activity at 10 µM with any of the other
118 quinoline structures evaluated in the Diversity Set.
To test the hypothesis that the quinolinedione pharma-
cophore was important for Cdc25 inhibitory activity, Jill
Johnson (NCI, Developmental Therapeutics Program,
Rockville, MD) computationally identified 30 additional
quinolinediones in the NCI Compound Repository, and
we examined them experimentally for anti-phosphatase
activity. When tested, all of these compounds had in
vitro IC50 values <40 µM for Cdc25B2, and seven had
IC50 values <1 µM. The mean IC50 value was 5.4 ( 1.5
µM. Six of the seven most active compounds were

Table 1. Chemical Structures of Quinolinedione Cdc25 Inhibitors and In Vitro Activity against Recombinant Human Cdc25B2, VHR,
or PTP1Bb

a Single determination. b IC50 values were from 3 or more determinations with SEM indicated.
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7-substituted quinolinediones, with the most potent
(NSC 663284) having an IC50 value of 206 ( 75 nM
(Table 1). All of the submicromolar inhibitors displayed
a strong preference for Cdc25B2 as compared with VHR
or PTP1B. For example, with NSC 663284, the relative
IC50 values for Cdc25B2 were 20- and 450-fold lower
than for VHR or PTP1B, respectively.

We examined further the kinetics and relative sen-
sitivity of each of the full-length human Cdc25 isoforms
to NSC 663284. For all three Cdc25 isoforms, NSC
663284 inhibition kinetics fit best to a partial mixed
competitive model, which may reflect the potential for
interactions at the two anionic binding sites as observed
in the crystal structure of Cdc25B17 (Figure 1). The
calculated Ki values for Cdc25A, Cdc25B, and Cdc25C
were 29 ( 7, 95 ( 14, and 89 ( 18 nM (n ) 4-6, (
SEM), respectively, suggesting that NSC 663284 had
3-fold selectivity toward Cdc25A as compared with
either Cdc25B or Cdc25C.

Analogue Analyses Revealed the Importance of
the C-7 Substitution for Potent Cdc25 Inhibition.
To interrogate further the quinolinedione pharmacoph-
ore, we resynthesized NSC 663284, DA3003-1, and
synthesized the regioisomer of NSC 663284, namely,

DA3003-2, as well as several other analogues. A com-
parative study with the minimal quinolinedione, iso-
quinolinedione, phthalazinedione, and quinazolinedione
(namely, DA276, DA3002, DA295, DA3044, and DA3045)
revealed that a heterocyclic quinone pharmacophore
alone was insufficient for potent Cdc25 inhibition (Table
2). NSC 663284 had identical inhibitory properties as
compared to DA3003-1 against Cdc25A, Cdc25B, and
Cdc25C as well as HPLC and spectral profiles. Thus,
we used NSC 663284 for most of the subsequent
biological studies because of the much greater quantities

Figure 1. Lineweaver-Burk plots for NSC 663284 inhibition
of Cdc25 isoforms. (A) Cdc25A. Concentrations of NSC 663284
are 1, 15; [, 25; b, 50; 0, 100; 4, 150; 3, 200; ], 300 nM. (B)
Cdc25B2, 1, 25; [, 50; b, 100; 0, 150; 4, 200; 3, 300; ], 500
nM. (C) Cdc25C. 1, 25; [, 50; b, 100; 0, 150; 4, 200; 3, 300;
], 500 nM.

Table 2. Structures and Activity of Synthesized
Heteroarenedione Analoguesb

a Single determination. b IC50 values were from 3 or more
determinations with SEM indicated. ND ) not determined.
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available to us. Addition of the 2-morpholin-4-ylethyl-
amino moiety at the 7-position clearly enhanced inhibi-
tory activity against Cdc25B as indicated by comparing
the IC50 values of DA3049 with DA3044, of DA296 with
DA295, or of NSC 663284 with either DA3002 or DA276.
Other 7-substituted analogues, such as DA3018 and
DA3020, were poor inhibitors of Cdc25B, although
DA3100 exhibited significant inhibitory activity indicat-
ing that the 2-morpholin-4-ylethylamino moiety was one
of at least two unique enhancers. For this limited series,
the quinolinedione pharmacophore provided a superior
scaffold as compared to the other heterocycles. Thus,
the quinoline analogue NSC 663284 was a more potent
inhibitor than either the isoquinoline analogue DA296
or the phthalazine analogue DA3049. The 7-substituted
quinolinedione NSC 663284, which contained the 2-mor-
pholin-4-ylethylamino moiety at the 7-position, was also
approximately 3-fold better as an inhibitor of Cdc25B2
than its regioisomer DA3003-2 and was the most potent
inhibitor of all compounds tested.

NSC 663284 Blocked Cell Proliferation and the
Actions of Cellular Cdc25A. NSC 663284 had a mean
IC50 value in the NCI 60 Cell Human Tumor Panel of
1.5 ( 0.6 µM when cells were treated for 48 h. Most
sensitive were human breast cancer MDA-MB-435 and
MDA-N cells, which had IC50 values of 0.2 µM. We
observed an IC50 for growth inhibition of 1.7 µM with
continuous 48-h NSC 663284 treatment of human
breast MCF-7 cells in culture (data not shown). Even
after only a 3-h exposure to NSC 663284, we observed
an IC50 for growth inhibition of ∼35 µM with MCF-7
cells (Figure 2). Consistent with in vitro Cdc25 inhibi-
tion, the IC50 for growth inhibition after a 3-h exposure
to NSC 663284 was 3-fold lower than that seen with
the 6-regioisomer DA3003-2 (Figure 2). To probe for
inhibition of cellular Cdc25 activity, we used a recently
described chemical complementation assay,20 which
revealed the ability of a small molecule to complement
or reverse a biochemical effect caused by ectopic Cdc25A
expression. The advantage of this assay for studying
small molecules that also may affect cell cycle progres-
sion is the requirement for only a brief exposure of an
asynchronous cell population to an agent. Cdc25A has
been implicated in controlling the phosphorylation
status of Raf-1, which is a proximal effector of the
mitogen-activated protein kinase (Erk1/2) pathway.3
Thus, transient expression of full-length Cdc25A in

HeLa cells resulted in a >50% decrease in Erk phos-
phorylation (Figure 3). Treatment of mock (no Cdc25)
transfected cells with 10 µM NSC 663284 caused no
significant increase in Erk phosphorylation while ex-
posure of Cdc25A transfected cells for 1 h to 10 µM NSC
663284 reversed the depression of Erk phosphorylation
caused by Cdc25A transfection and returned phospho-
Erk to constitutive levels (Figure 3). These results
support the hypothesis that NSC 663284 blocked the
biological effects of Cdc25A within cells.

The substitution with amino groups at 6- and 7-posi-
tions, respectively, of the quinone cores of NSC 663284
and DA3003-2 was significant for increasing inhibitory
activity. This effect could be due to a polarization of the
electron distribution in the quinolinedione, since the
decrease in activity of the chlorinated derivative is
considerable and the difference in activity between
DA3100 and NSC 663284 was much less pronounced.
The latter two compounds would be expected to exhibit
a closely related electronic polarization of the quinone
core. IC50 values of NSC 663284, NSC 668394, DA3100,
DA296, DA3049, and DA3003-2 vary by a factor of 3,
while IC50 values for the corresponding dichloro ana-
logues DA3002, DA295, and DA3044 are about an order
of magnitude higher. Electron density surfaces encoded
with the electrostatic potential obtained by ab initio
computation of the core pharmacophore structure dem-
onstrate that, despite significant differences in the
position and the number of nitrogen atoms, NSC
663284, DA296, DA3049, and DA3003-2 have closely
related, polarized electron distributions (Figure 4). In
comparison, the analogous graphs for dichloro analogues
DA3002, DA295, and DA3044 show a very different,
much less polarized electrostatic potential surface (Fig-
ure 5). On the basis of this analysis, it becomes clear
that replacing a chloride substituent with an amino
group leads to a considerable perturbation of the
electron distribution in heteronaphthoquinones and that

Figure 2. Growth inhibition of NSC 663284 and DA3003-2.
Cells were treated for 3 h with NSC 663284 (hatched bars) or
the regioisomeric DA3003-2 (black bars), and cell growth was
determined 48 h later as described in the Experimental
Section.

Figure 3. Reduction of phospho-Erk levels by Cdc25A over-
expression and inhibition of Cdc25A activity by NSC 663284.
(Upper Panel) Western blot of phospho-Erk levels after mock
transfection (lanes 1 and 2) or wild-type human Cdc25A
transfection (lanes 3 and 4). Cells were treated for 1 h with
vehicle (lanes 1 and 3) or 10 µM NSC 663284 (lanes 2 and 4).
(Middle Panel) â-tubulin was used as a loading control. (Lower
Panel) Quantification of the phospho-Erk levels in cells after
treatment with NSC 663284. n ) 4; bars ) SEM. Only Cdc25A
control was less than mock control (p < 0.05, Student’s t-test).
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this electrostatic effect is likely to provide a better match
for the complementary surface in the enzyme binding
pocket. The core structure of NSC 663284 could there-
fore represent a general motif for the electronic config-
uration that is necessary to achieve selective and potent
Cdc25 inhibition.

Discussion
Although there is consensus that DSPases have

important roles in controlling cell proliferation and
signaling pathways, the absence of potent and selective
inhibitors has limited our ability to probe their biological
function. For example, until recently the only readily
available Cdc25 inhibitor was the broad spectrum
PTPase inhibitor sodium orthovanadate. More recently,

several small molecule Cdc25 phosphatase inhibitors
have been reported such as dysidiolide (IC50 ) 9.4 µM),21

sulfircin (IC50 ) 7.8 µM),22 SC-RRδ9 (IC50 ) 15 µM),23

FY21-RR09 (IC50 ) 7 µM),24 a cyano-containing choles-
teryl derivative (IC50 ) 2.2 µM),25 and a vitamin K
analogue called 5 (IC50 ) 3.8 µM).26 Of interest to our
study was the previous identification of tetrahydroiso-
quinolines with some inhibitory activity against Cdc25B
(IC50 ) 15-35 mM).27 Most of the above-mentioned
agents have not been evaluated for specificity and, with
the exception of 5 and SC-RRδ9, none have been shown
to inhibit Cdc25 within cells. Moreover, all of these
compounds lack the desired potency for exceptional
inhibitors.

Our studies illustrate how a subset of compounds
selected from a chemical library based on chemical
diversity can be used to screen against a predicted end
point and yield potent bioactive compounds. The quino-
line-5,8-diones have been the focus of previous studies
because of their wide spectrum of biological activity
including antitumor, antifungal, and antimalarial ef-
fects.28 Despite considerable investigation, their mech-
anism of action is largely not understood. For quino-
linediones, such as streptonigrin and lavendamycin,
depletion of NADPH/NADH, uncoupling of oxidative
phosphorylation, and/or DNA cleavage has been sug-
gested.29 Although we cannot formally exclude such
mechanisms for the cytotoxic effects of NSC 663284, one
advantage of our chemical complementation assay is
that it provides one with the ability to examine cellular
events after only a relatively brief exposure to an agent.
This is especially important for agents that block cell
proliferation. Thus, the chemical complementation assay
provided experimental evidence that NSC 663284 can
block the intracellular actions on the expressed target,
namely, Cdc25A. Moreover, the regioisomer that was a
superior inhibitor of Cdc25 in vitro was more cytotoxic
after a brief cell exposure. Interestingly, we found no
significant difference in the cytotoxicity of the two
regioisomers when cells were treated continuously with
these two regioisomers, suggesting that prolonged ex-
posure may cause other toxic actions. Consistent with
this notion is the observation that after prolonged
exposure isoquinolinediones are more toxic to cells than
their respective quinolinediones30 even though in our
studies the quinolinediones were more potent as in vitro
inhibitors of Cdc25 than the corresponding isoquino-
linediones (Table 2). Preliminary molecular modeling
studies with the available crystal structures for Cdc25B
are consistent with the quinolinedione pharmacophore
binding in at least one of the Cdc25 anionic binding sites
and provide a hypothetical explanation for the regioi-
someric preference that can be tested with newer
analogues (manuscript in preparation). As shown in the
electrostatic potential maps, the nitrogen-substituted
carbon of the ene-5,8-dione moiety in these inhibitors
is the most electron-deficient center of the quinone
substructure. While these computational electrostatic
potential mapping studies suggest the need for an
electron-deficient 7-position for maximal inhibitor activ-
ity, it is evident that the potency of inhibitors was not
simply correlated with increasing electrophilicity at this
position, which follows the series NSC 663284 <
DA3003-2 < DA296 < DA3049. This would be consis-

Figure 4. Electrostatic potential-encoded electron density
surfaces of the core structures of NSC 663284 (A), DA296 (B),
DA3003-2 (C), and DA3049 (D). The surfaces were generated
with Spartan 5.1.1 (Wavefunction, Inc.) after ab initio mini-
mization with a 3-21G* basis set. The coloring represents
electrostatic potential with red indicating the strongest at-
traction to a positive point charge and blue indicating the
strongest repulsion. The electrostatic potential is the energy
of interaction of the positive point charge with the nuclei and
electrons of a molecule. It provides a representative measure
of overall molecular charge distribution.

Figure 5. Electrostatic potential-encoded electron density
surfaces of less active core structures: DA3002 (A), DA295 (B),
and DA3044 (C). The surfaces were generated with Spartan
5.1.1 (Wavefunction, Inc.) after ab initio minimization with a
3-21G* basis set.
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tent with the notion that the pendant moieties on the
7-position also are important.

We noted some modest selectivity for inhibition of
Cdc25A as compared with Cdc25B and Cdc25C. Al-
though there is no available crystal structure of a ligand
with any Cdc25 isoform, structural differences in the
catalytic region of Cdc25A and Cdc25B have been
noted.16,17 Moreover, protein substrate preferences have
been reported with Cdc25A and Cdc25C, which reflect
not only residues within the catalytic domain but others
as yet undefined outside of the catalytic domain.17,18 Our
results suggest that it may be feasible to identify small
molecules with significant specificity for individual
Cdc25 isoforms. These would be valuable reagents as
there continues to be controversy about the precise
cellular actions of some of the isoforms. We suggest that
quinolinediones have a rich potential as a pharmacoph-
ore for inhibitors of the DSPase Cdc25 and that they
could represent useful biochemical probes as well as
possible lead compounds for the design of agents for the
treatment of cancer or other diseases.2,18

Experimental Section
Library Chemicals. The Diversity Set and selected quino-

linediones were the kind gift of Jill Johnson (NCI, National
Institutes of Health, Developmental Therapetuics Program,
Rockville, MD). The Diversity Set was generated by the NCI
from the 140 000 compounds in the NCI Compound Repository
based first on the availability of g1 g in their Repository, which
reduced the total eligible compounds to 71 756. Chem-X
(Oxford Molecular Group) was then used to define hydrogen
bond acceptor, hydrogen bond donor, positive charge, aromatic,
hydrophobic, acid, base, and distance intervals to create a
particular finite set of pharmacophores. The default setting
of 3-point pharmacophores resulted in almost 106 possible
pharmacophores. The Chem-X diverse subset generating func-
tion was used to determine the acceptable conformations of
individual structures and the acceptable pharmacophore for
the conformation. The Diversity Set was populated in a
comparative iterative manner with a requirement of e5
rotatable bonds. Because the selection procedure was order
dependent, the order in which the structures were considered
was randomized. This procedure resulted in the selection of
1990 compounds; more information about the NCI Diversity
Set can be found at http://dtp.nci.nih.gov/.

Synthesis of Compounds. All moisture-sensitive reactions
were performed under an atmosphere of dry nitrogen, and all
glassware were dried in an oven prior to use. THF and ether
were dried by distillation over sodium benzophenone and CH2-
Cl2 was dried by distillation over CaH2. Unless otherwise
stated, all commercially available materials were used without
purification. IR spectra were recorded neat using NaCl cells.
NMR spectra were obtained at 300 MHz/75 MHz (1H/13C NMR)
in CDCl3 unless noted otherwise. High- and low-resolution
masses were determined by introduction with a direct insertion
probe into a VG-70-70 HF spectrometer operating in the
electron ionization mode. The purity of synthetic DA3002,
DA296, DA3003-1, DA3003-2, and DA3049 was ascertained
by HRMS and HPLC analyses in two different mobile phases
to be at least 94%, in most cases >99% (see Supporting
Information for details of the analyses).

DA276 (Quinoline-5,8-dione). Prepared in 56% yield from
quinoline-8-ol according to literature procedures:31 1H NMR:
δ 9.06 (dd, 1 H, J ) 4.6, 1.6 Hz), 8.43 (dd, 1 H, J ) 7.8, 1.6
Hz), 7.72 (dd, 1 H, J ) 7.8, 4.6 Hz), 7.16 (d, 1 H, J ) 10.0 Hz),
7.07(d, 1 H, J ) 10.0 Hz). HRMS (EI) m/z: calcd for C9H5-
NO2, 159.0320; found: 159.0321.

DA295 (6,7-Dichloroisoquinoline-5,8-dione). Prepared
according to literature procedures:30 1H NMR (MeOH-d4, δ):
9.33 (s, 1 H), 9.08 (d, 1 H, J ) 5.1 Hz), 8.08 (d, 1 H, J ) 5.1
Hz). 13C NMR (MeOH-d4, δ): 173.8 (2C), 153.5, 146.7, 141.8,

141.7, 135.7, 123.4, 118.0. MS (EI) m/z (rel intensity): 227 (M+,
100), 199 (20), 192 (80), 164 (80). HRMS (EI) m/z: calcd for
C9H3NO2Cl2, 226.9541; found, 226.9544.

DA296 (6-Chloro-7-(2-morpholin-4-ylethylamino)iso-
quinoline-5,8-dione). A solution of DA295 (114 mg, 0.500
mmol) and 2-morpholin-4-ylethylamine (65 mg, 0.50 mmol) in
5 mL of THF was treated with triethylamine (0.07 mL, 0.5
mmol) at room temperature. The reaction mixture was stirred
for 20 h at room temperature, concentrated under reduced
pressure, diluted with ethyl acetate, and washed with water.
The organic layer was dried (Na2SO4) and concentrated in
vacuo. The crude residue was purified by chromatography on
SiO2 (CH2Cl2/MeOH, 15:1) to give a 4:1 mixture of DA296 and
its regioisomer (110 mg, 69%). The major regioisomer was
assigned based on 1H NMR analysis.32 Separation of isomers
by chromatography on SiO2 (CH2Cl2/MeOH, 50:1) or recrys-
tallization from Et2O/hexanes provided DA296 in ca. 90%
purity as a dark red solid: mp 125 °C (dec). IR (neat): 3271,
2958, 2851, 1683, 1640, 1600, 1564, 1113 cm-1. 1H NMR: δ
9.24 (s, 1 H), 9.00 (d, 1 H, J ) 5.0 Hz), 7.94 (d, 1 H, J ) 5.0
Hz), 7.13 (br, 1 H), 4.02-3.96 (m, 2 H), 3.78-3.75 (m, 4 H),
2.69 (t, 2 H, J ) 5.6 Hz), 2.54 (m, 4 H). 13C NMR: δ 179.9,
175.0, 156.3, 154.3, 148.5, 138.2, 123.7, 119.1, 118.2, 67.0 (2C),
56.6, 53.0 (2C), 40.9. MS (EI) m/z (rel intensity): 323 ([M +
2]+, 5), 221 (35), 101 (100). HRMS (EI) m/z: calcd for
C15H18N3O3Cl (M + 2H), 323.1037; found: 323.1037.

DA3002 (6,7-Dichloroquinoline-5,8-dione). Prepared in
30-40% yield from quinoline-8-ol according to literature
procedures:20 1H NMR (DMSO-d6, δ): 9.01 (dd, 1 H, J ) 3.8,
1.2 Hz), 8.41 (dd, 1 H, J ) 7.3, 1.2 Hz), 7.86 (dd, 1 H, J ) 7.3,
3.8 Hz). 13C NMR (DMSO-d6, δ): 176.0, 174.3, 154.5, 147.1,
143.1, 141.6, 134.9, 128.5, 128.3. MS (EI) m/z (relative
intensity): 227 (M+, 100), 199 (80), 192 (25), 136 (100). HRMS
(EI) m/z: calcd for C9H3NO2Cl2, 226.9541; found: 226.9545.

DA3003-1 (NSC 663284, 6-Chloro-7-(2-morpholin-4-yl-
ethylamino)quinoline-5,8-dione) and DA3003-2 (7-Chloro-
6-(2-morpholin-4-ylethylamino)quinoline-5,8-dione). A
solution of DA3002 (228 mg, 1.00 mmol) and 2-morpholin-4-
ylethylamine (130 mg, 1.00 mmol) in 5 mL of THF was treated
at room temperature with triethylamine (0.14 mL, 1.0 mmol).
The reaction mixture was stirred for 20 h at room temperature,
concentrated under reduced pressure, diluted with ethyl
acetate, and washed with water. The organic layer was dried
(Na2SO4) and concentrated in vacuo. The crude residue was
purified by chromatography on SiO2 (CH2Cl2/MeOH, 15:1) to
give a 2:1 mixture (1H NMR) of DA3003-1 and DA3003-2 (260
mg, 80%). Further separation by chromatography on SiO2

(CH2Cl2/MeOH, 50:1) gave pure DA3003-1 and DA3003-2 as
dark red, amorphous solids. The 5,8-quinolinedione regioiso-
mers were assigned based on the known preference for
nucleophilic addition at the 7-position in aprotic solvents and
the observation that ∆δ (H2-H4) of the 6-isomer is higher
than that of the 7-isomer in 1H NMR.32 5,8-Isoquinolinedione
regioisomers were assigned based on the known preference for
nucleophilic additions at the 7-position33 and the apparent
trend that ∆δ (H1-H4) of the 6-isomer is higher than that of
the 7-isomer in 1H NMR.

DA3003-1. IR (neat): 3275, 2958, 2855, 1695, 1636, 1600,
1568, 1109 cm-1. 1H NMR: δ 8.92 (dd, 1 H, J ) 4.7, 1.6 Hz),
8.48 (dd, 1 H, J ) 7.8, 1.6 Hz), 7.66 (dd, 1 H, J ) 7.8, 4.7 Hz),
7.09 (br, 1 H), 4.05-3.95 (m, 2 H), 3.80-3.70 (m, 4 H), 2.70 (t,
2 H, J ) 5.7 Hz), 2.65-2.45 (m, 4 H). 13C NMR: δ 179.0, 175.4,
153.4, 146.2, 145.3, 134.6, 129.8, 128.4, 67.0 (2C), 56.7, 53.0
(2C), 40.9. MS (EI) m/z (rel intensity): 323 ([M + 2]+, 7), 210
(25), 100 (100). HRMS (EI) m/z: calcd for C15H18N3O3Cl (M +
2H), 323.1037; found: 323.1034. A direct comparison between
DA3003-1 and NSC 663284 showed no detectable difference
in HPLC profiles, chemical properties, enzyme inhibitory
effects, or growth inhibition. Thus, most of the reported cellular
and kinetic studies were performed with NSC 663284 because
of the limited amount of DA3003-1.

DA3003-2. IR (neat): 3275, 2958, 2851, 1687, 1647, 1600,
1564, 1106 cm-1. 1H NMR: δ 9.02 (dd, 1 H, J ) 4.6, 1.6 Hz),
8.36 (dd, 1 H, J ) 8.0, 1.6 Hz), 7.59 (dd, 1 H, J ) 8.0, 4.6 Hz),
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6.98 (br, 1 H), 4.0-3.9 (m, 2 H), 3.8-3.7 (m, 4 H), 2.70 (t, 2 H,
J ) 5.4 Hz), 2.6-2.45 (m, 4 H). 13C NMR: δ 180.3, 175.2, 155.4,
148.6, 144.4, 134.8, 127.0, 126.7, 67.1 (2C), 56.8, 53.1 (2C), 40.8.
MS (EI) m/z (rel intensity): 323 ([M + 2]+, 40), 285 (8) 267
(10), 100 (100). HRMS (EI) m/z: calcd for C15H18N3O3Cl (M +
2H), 323.1037; found: 323.1027.

DA3044 (6,7-Dichlorophthalazine-5,8-dione). Prepared
according to literature procedures:33 1H NMR: δ 9.93 (s, 2 H).
MS (EI) m/z (rel intensity): 228 (M+, 100), 200 (30). HRMS
(EI) m/z: calcd for C8H2N2O2Cl2, 227.9493; found: 227.9492.

DA3045 (6,7-Dichloroquinazoline-5,8-dione). Prepared
according to literature procedures:33 1H NMR: δ 9.75 (s, 1 H),
9.64 (s 1 H). MS (EI) m/z (rel intensity): 228 (M+, 100), 200
(30), 165 (30), 110 (30), 87 (40). HRMS (EI) m/z: calcd for
C8H2N2O2Cl2, 227.9493; found: 227.9497.

DA3049 (6-Chloro-7-(2-morpholin-4-ylethylamino)ph-
thalazine-5,8-dione). A solution of DA3044 (67 mg, 0.29
mmol) and 2-morpholin-4-ylethylamine (38 mg, 0.29 mmol) in
5 mL of THF was treated at room temperature with triethy-
lamine (0.04 mL, 0.3 mmol). The reaction mixture was stirred
for 2 h at room temperature, concentrated under reduced
pressure, diluted with ethyl acetate, and washed with water.
The organic layer was dried (Na2SO4) and concentrated in
vacuo. The crude residue was purified by chromatography on
SiO2 (CH2Cl2/MeOH, 15:1) to give pure DA3049 (42 mg, 45%)
as a dark red, amorphous sticky solid. IR (neat): 3271, 2958,
2923, 2855, 2808, 1695, 1636, 1556, 1311, 1295, 1113 cm-1.
1H NMR: δ 9.83 (s, 1 H), 9.65 (s, 1 H), 7.18 (br, 1 H), 4.00-
3.90 (m, 2 H), 3.75-3.70 (m, 4 H), 2.69 (t, 2 H, J ) 6.0 Hz),
2.55-2.50 (m, 4 H). 13C NMR: δ 180.5, 174.2, 171.4, 147.2,
145.3, 144.5, 124.8, 123.3, 67.1 (2C), 56.3, 53.0 (2C), 41.0. MS
(EI) m/z (rel intensity): 324 ([M + 2]+, 10), 286 (12), 256 (8),
235 (12) 100 (100). HRMS (EI) m/z: calcd for C14H17N4O3Cl
(M + 2H), 324.0989; found: 324.0989.

DA3100 (6-Chloro-7-(indan-2-ylamino)quinoline-5,8-di-
one). According to the procedure described for DA3003-1,
DA3100 (192 mg, 59%) was obtained from DA3002 (228 mg,
1.00 mmol) and 1-aminoindane (133 mg, 1.00 mmol) as a dark
red, amorphous sticky solid. IR (neat): 3323, 3065, 2939, 2844,
1695, 1640, 1592, 1560, 1315, 721 cm-1. 1H NMR: δ 8.92 (dd,
1 H, J ) 4.6, 1.4 Hz), 8.49 (dd, 1 H, J ) 7.8, 1.4 Hz), 7.67 (dd,
1 H, J ) 7.8, 4.6 Hz), 7.29-7.22 (m, 4 H), 6.40 (br, 1 H), 6.18-
6.10 (m, 1 H), 3.13-2.92 (m, 2 H), 2.78-2.72 (m, 1 H), 2.13-
2.06 (m, 1 H). 13C NMR: δ 178.8, 175.8, 153.5, 146.0, 144.2,
143.5, 142.4, 134.8, 130.0, 128.8, 128.5, 127.3, 125.2, 124.5,
59.8, 36.3, 20.2. MS (EI) m/z (rel intensity): 324 (M+, 30), 287
(15), 220 (15), 205(35), 117 (100). HRMS (EI) m/z: calcd for
C18H13N2O2Cl, 324.0666; found: 324.0656.

In Vitro Enzyme Assays. The activities of the GST-fusion
Cdc25A, Cdc25B2, Cdc25C, and VHR as well as human
recombinant PTP1B were measured using o-methyl fluorescein
phosphate (Sigma, St. Louis, MO) as substrate and a minia-
turized, 96-well microtiter plate assay based on previously
described methods.23 The final incubation mixtures (25 µL)
were prepared using a Biomek 2000 laboratory automation
workstation (Beckman Coulter, Inc., Fullerton, CA). Fluores-
cence emission from the product was measured after a 60-min
incubation period at ambient temperature with a multiwell
plate reader (PerSeptive Biosystems Cytofluor II; Framing-
ham, MA; excitation filter, 485/20; emission filter, 530/30). Best
curve fit for Lineweaver-Burk plots and Ki values were
determined by using the curve-fitting programs Prism 3.0
(GraphPad Software, Inc., San Diego, CA) and SigmaPlot 2000
Enzyme Kinetics (SSPS Science, Richmond, CA).

Antiproliferative and Chemical Complementation As-
says. The proliferation of human MCF-7 breast cancer cells
was measured by a previously described colorimetric assay.34

Briefly, we seeded 2000-4000 cells per well in microtiter plates
and allowed them to attach overnight. Cells were then treated
with vehicle or compound continuously or for 3 h. After a 48-h
incubation in 5% CO2 atmosphere and 100% humidity, the
medium was replaced with serum-free medium containing
0.1% 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide. Plates were incubated for an additional 3 h in the dark,

and the total cell number was determined spectrophotometri-
cally at 540 nm as previously described.34

For the chemical complementation assay, HeLa cells were
obtained from ATCC and were maintained in Dulbecco’s
minimum essential medium (DMEM) containing 10% fetal
bovine serum (FBS, HyClone, Logan, UT) and 1% penicillin-
streptomycin (Life Technologies, Inc., Rockville, MD) in a
humidified atmosphere of 5% CO2 at 37 °C. We used a
mammalian expression plasmid encoding full-length wild-type
Cdc25A in a pcDNA3 vector generously provided by Thomas
Roberts (Dana Farber Cancer Institute, Boston, MA)3 as
previously described.20
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