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Abstract

Several analogues of the 3-substituted-2-oxoindole chemotype were synthesized by condensing isatin or the appropriate haloisatin with some
amino acids or histamine under neutral conditions. All the imino derivatives produced were tested for kinase inhibitory properties against three
serine/threonine kinases, namely CDK1/cyclin B, CDK5/p25 and GSK3α/β. Most of the histidine derivatives showed inhibitory properties to the
three kinases in the low micromolar range. The histamine derivatives were less potent against CDK1/cyclin B and CDK5/p25 and totally inactive
against GSK3α/β. So, the management of the carboxyl function may be a tool to impart selectivity in such family of kinases. Docking of 2-{[-5-
bromo-2-oxoindolin-3-ylidene]amino}-3-(1H-imidazol2-yl)propanoic acid 14 to CDK5/p25 indicates that this compound can interact with the
enzyme through four hydrogen bonds; for GSK/3β, the ligand poses itself in another orientation, also four hydrogen bonds can be formed
between the ligand and the receptor, otherwise hydrophobic interactions seem to predominate. Also, all the final compounds were tested for their
in vitro antitumor properties against MCF7 (breast), NCI-H460 (lung) and SF268 (CNS) cancer cell lines. None of the synthesized compounds
was cytotoxic at 10–4 molar concentration. Moreover, compounds 13 and 14 were tested for potential antiangiogenic properties by testing their
ability to inhibit the proliferation of human umbilical vein endothelial cells (HUVECs), cord formation and migration in response to chemoat-
tractant. Only compound 14 showed moderate inhibitory properties to HUVECs proliferation and cord formation while its non-brominated deri-
vative 13 did not. Thus, the antiangiogenesis properties are not apparently caused by inhibition of any of the tested kinases.
© 2006 Elsevier SAS. All rights reserved.
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1. Introduction

Protein phosphorylation on serine, threonine and tyrosine
residues of proteins, using adenosine triphosphate (ATP) or
guanosine 5′-triphosphate (GTP) as the phosphate donor, is
considered to be one of the main post translational mechanisms
used by cells to finely tune their metabolic and regulatory path-
ways [1,2]. Abnormal phosphorylation turns out to be a cause
or consequence of numerous human diseases such as cancer,
Alzheimer’s disease, diabetes and atherosclerosis [3,4]. Exces-
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sive activity of cyclin-dependent kinases (CDKs) or aberrant
functions of other kinases has been observed as one of the me-
chanisms underlying pathological hyperproliferation [5]. Con-
sequently, inhibition of CDKs may be a therapeutic option for
fighting tumor diseases [6,7]. In addition, since tumor growth
and metastasis are angiogenesis dependent, microvascular en-
dothelial cells recruited by a tumor have become an important
target in cancer therapy [8]. Recent studies have shown a cor-
relation between the blockade of different growth factors, inhi-
bition of kinases and the inhibition of endothelial cell prolifera-
tion and angiogenesis [9,10]. Moreover, CDK5/p25 and GSK/
3β are some of the most physiologically relevant kinases in-
volved in the hyperphosporylation of the microtubule-binding
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Fig. 1. Chemical structure of some 2-indolone derivatives that came into clinical trials as anticancer agents viz, SU-5416, Semaxanib 1; SU-11248 2, Sunitinib; and
SU-9516 3.

Scheme 1.
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protein tau and beta-amyloid peptide production, two features
observed in the brains of patients with Alzheimer’s disease and
other neurodegenerative ‘taupathies’ [11,12]. Also, the accu-
mulation of p25 and increase of CDK5 activity in Alzheimer’s
disease patients brains, indicate that CDK5 activation may be
involved in cytoskeletal abnormalities and neuronal death ob-
served in those patients [13]. Since GSK-3 is phylogenetically
closely related to CDKs, it is not surprising that several kinase
inhibitor classes have dual activity [14].

Significant interest in the 2-oxoindoles derivatives as kinase
inhibitors came after the disclosure of the tyrosine kinase inhi-
bitory properties and antiangiogenesis properties of SU-5416
(semaxanib, 1) [15–17] and SU-11248 (Sunitinib, 2) Fig. 1,
the latter molecule has recently completed phase III clinical
trials with success. On the other hand, the structurally relevant
SU9516 (3) was reported as potential CDKs inhibitor that in-
duces apoptosis in colon carcinoma cells [18]. Moreover, indo-
linones with dual receptor tyrosine kinase and cyclin/CDK
complex inhibitory properties has been reported for the treat-
ment of endothelial cells and tumor cell proliferation [19]. In
addition, CDK inhibitory properties has been reported to some
isatin derived phenylhydrazones [37] and the structurally rele-
vant indirubins [1].

Herein, we report upon the synthesis, kinase inhibitory
properties, in vitro antitumor, and antiangiogenic properties of
some 2-indolone imino derivatives obtained by the condensa-
tion of isatin or haloisatin with some amino acids and hista-
mine.

2. Chemistry

The preparation of the target compounds 9–14 and 19–25 is
depicted in Schemes 1–3. Briefly, isatin 4 and 5-bromoisatin 5
were refluxed with amino acids, namely valine 6, threonine 7
and histidine 8, under neutral conditions, to give the corre-
sponding imino derivatives 9–14 in good yields. Derived by
interactive SAR concept, derivatives 19–22 from chloroisatins
15–18 with the histidine aminoacid 8 were prepared (Scheme
2). The chloroisatins 15–18 were prepared by reported proce-
dures, involving condensation of the appropriate chloroaniline
with chloral hydrate and hydroxylamine to give the corre-
sponding isonitrosoacetanilides followed by cyclization with
sulfuric acid. The use of m-chloroaniline results in a mixture
of 4- and 6-chloroisatin that was separated based upon the frac-
tional decantation of the corresponding isatin sodium salts with
acetic acid or hydrochloric acid [1,20]. Moreover, condensa-
tion of 4, 5 and 16 with histamine yielded the imino derivatives
23–25, Scheme 3.

Despite the fact that the condensation between isatin and N-
unsubstituted-amino acids has been investigated before, little
attention has been given to the characterization of the corre-
sponding imino derivatives themselves or their stereochemis-
try, rather a characterization to their metal complexes or their
complexes ionization properties has been studied [21–25].
Also, the products of the reaction of amino acids with isatin
were controversial, whereas some authors reported the forma-
tion of the corresponding intact imines as in our case [21–24],
others reported the formation of the corresponding imines with
concomitant formation of the decarboxylated azomethine ylide
through Strecker degradation [25,26].
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Scheme 2.
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Trials to detect the molecular ion peaks of the amino acid
imine derivative by electron impact mass spectrometry (EIMS)
were difficult due to a weak or non-existing molecular ion
peak, instead an ion peak at [M-45]+ has been recognized,
since these amino acids derivatives easily lose their carboxyl
group upon electron impact [27]. A switch to chemical ioniza-
tion mass spectrometry (CIMS) with methane gas as the ioniz-
ing reagent makes the molecular ion peaks often more promi-
nent, moreover [M + CH3]

+ adduct ion peaks were abundant,
thus providing a higher degree of specificity for identification.
The presence of a chlorine and a bromine atom in some imines
leads to the formation of isotopic peaks at M+ and M+ + 2 in a
3:1 and 1:1 ratios, respectively. For the histamine derivatives
23–25 GC-EIMS was satisfactory to recognize the molecular
ion peak.

The 3-substituted indolin-2-one may exist as either the Z or
E isomer depending on the characteristics of the substituents at
the C-3 position of the 3-substituted indolin-2-one and the nat-
ure of the substituent on position 4 of the indolinone core [28–
30].

In our case, the GC/CIMS and GC/EIMS spectra of all the
compounds except that of 19 showed them to be pure geo-
metric isomers. The spectra of 19 showed two compounds in
a nearly 1:1 ratio and with the same molecular ion peak and
fragmentation pattern. This supports the hypothesis that the
formation of the E-isomer seems to predominate in all cases
except in that of compound 19, whereby the 4-chloro substitu-
ent forces the position 3 indolinone substituent to attain the Z
configuration by virtue of steric interference. In addition, con-
formational search did not generate any conformers with an
intramolecular hydrogen bond between the imidazole and the
indolinone rings, this bonding should enhance the formation of
the Z isomer. This is due to the fact that the two ring systems
are connected by a number of sp3-hybridized carbon atoms,
which are not likely to adopt an eclipsed or nearly eclipsed
conformation, that in turn, would be needed for the formation
of a reasonably strong intramolecular hydrogen bond. This
stands in contrast to compounds 1 [28], where the hydrogen-
bond donor and acceptor atoms are connected by an sp2 hybri-
dized carbon atom.

Moreover, the 1H-NMR of the histidine and histamine deri-
vatives 13, 14, 19–25 showed a clear upfield shift in the imi-
dazole C-2 proton that appeared at < 7.55 ppm from the ex-
pected 7.74–9.00 ppm [31–33], such shielding action can
only be attained with the imines in the E-configuration and
the imidazole C-2 proton within the shielding cone of the phe-
nyl ring of the 2-indolinone core (Fig. 2), this further confirms
the existence of most of our derivatives in the E-configuration.

The 1H-NMR spectra of the histamine imines 23–25
showed the ethylene protons as three or four multiplets rather
than the expected two triplets, this indicates these molecules
exist in more than one conformer, mostly the gauche–trans
ones, such a remark has been previously reported in [33,34].



Fig. 2. Energy minimized form of the compound 14, in the E configuration with
the imidazole C-2 H within the shielding cone of the indolinone core.
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3. Biological results and discussion

3.1. In vitro kinase inhibitory properties

First, all the final compounds shown in Scheme 1 9–14 were
tested for their potential inhibitory effect on three protein ki-
nases, namely CDK1/cyclin B, CDK5/p25 and GSK-3α/β
[1,35,36]. All the assays were run in the presence of 15 M
ATP and appropriate protein substrates (histone H1 for CDKs,
GS-1 peptide for GSK-3). The results are given in Table 1. De-
rivatives with valine and threonine amino acids 9–12 were in-
active. Interestingly, the derivative with the isatin/histidine 13
was found to be active with IC50 values of 11, 2.5 and 15 M
Table 1
Effects of the final imines upon various kinases

Compounds IC50 (μM)a

CDK1/cyclinB CDK5/p25 GSK3α/β
9 >100 >100 >100
10 >100 >100 >100
11 >100 >100 >100
12 >100 >100 >100
13 11 2.5 15
14 1.1 0.37 2.8
19 9.1 7.9 14
20 1.0 1.6 5.4
21 3.8 5.6 6.0
22 >100 >100 >100
23 >100 >100 >100
24 14 4.8 >100
25 50.0 13.0 >100
a Calculated from dose–response curves, obtained from the average of at

least two experiments in triplicate.
against CDK1/cyclin B, CDK5/p25 and GSK-3α/β, respec-
tively. Moreover, the imine obtained from 5-bromoisatin and
histidine 14, was more potent than its non-brominated derivative
against CDK1/cyclin B, CDK5/p25 and GSK-3α/β by factors of
10-fold, sevenfold and fivefold, respectively, Table 1. This may
be due to better interaction with the kinase, because the binding
pockets in these kinases are lined with mostly hydrophobic ami-
no acids. Such a result encourages us to attempt further struc-
tural variations with the histidine amino acid. Derivatives with
chlorine substituents at positions 4, 5, 6 and 7 of the indolinone
ring (19–22; Scheme 2), were thus synthesized and tested for
their kinase inhibitory properties. In addition to the electron
withdrawing and hydrophobic properties that the chlorine sub-
stitution is expected to impart, the latter modification may block
the oxidation of the indolone and may increase the metabolic
stability of this class of compounds [18,19]. Three of the four
chloro derivatives were found to be active against the three ki-
nases, with the 5-chloro derivative 20 being the most potent
with IC50 values of 1.0, 1.6 and 5.4 M against CDK1/cyclin
B, CDK5/p25 and GSK-3α/β, respectively. Compound 20 was
nearly 10 times more potent against CDK1/cyclin B and nearly
three times as potent against GSK-3α/β compared to the non-
halogenated derivative 13. For those active derivatives, the or-
der of potency was 5-chloro>6chloro>4-chloro against all three
kinases. This confirms the positive impact of halogen substitu-
ents and highlights the importance of its position upon potency,
with positions 5 and 6 being most optimal.

For the inhibitory action of 4, 5 and 6-substituted haloisatins
and the inactivity of the 7-substituted one, a previous report
with other structurally related indolinone derivatives and
CDK2 that differs from CDK1 only by two amino acids in the
ATP binding pocket, showed the same favorable inhibitory pat-
tern with a methyl substituent on position 4, 5 or 6 of the in-
dolinone but not 7 as the substituent on position 7 pumps into
the gate keeper and a similar effect would be expected with the
chlorine substituent [37]. Moreover, we tested the impact of the
carboxylic function upon kinase inhibition by preparing the dec-
arboxylated analogues of 13, 14 and 20, viz compounds 23–25.
All the decarboxylated derivatives were less potent or totally
inactive relative to their carboxylated analogues, highlighting
the impact of the carboxylic function upon the inhibition of
the kinases. The 5-halogenated decarboxylated derivatives 24
and 25 were still more potent than the dehalogenated decar-
boxylated corresponding analogue 23 against CDK1/cyclin B
and CDK5/p25, the latter was totally inactive against the three
kinases, thus confirming the positive effect of the 5-position
halo derivative upon potency. Interestingly, all the decarboxy-
lated analogues were totally inactive against GSK3α/β, this
highlights the relevance of the carboxyl function as a tool to
impart selectivity within this family of kinase (Table 1).

3.2. Molecular modeling

To further explore the mechanism of interaction between the
active derivatives and different kinases, namely CDK5/p25 and
GSK/3β a docking analysis was carried out. Conformational
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search was done for compound 14 using the Macromodel soft-
ware [38]. The lowest energy (potential energy of 281.
6 kcal mol–1) and the 11 other conformers within
8 kcal mol–1 of the energy minimum, showed no tendency
for intramolecular hydrogen bond which, in theory, could be
formed between the indolinone carbonyl oxygen and the imi-
dazole ring.

To further explore the mechanism of interaction between the
active derivatives and different kinases, namely CDK5/p25 and
GSK/3β a docking analysis was carried out. The docked poses
of 14 in CDK5/p25 and GSK are shown in Figs. 3 and 4, re-
spectively. Fig. 3 illustrates the potential for four hydrogen
bonds to CDK5/p25. Hydrogen bonds can be formed between
the ligand carboxyl and the protein backbone and two H-bonds
can be formed to amino acid side chains (ASP86 and
ASN144). The bromine atom of the ligand is directed towards
the entrance of the binding pocket in the CDK5/p25 structure.
It interacts only partially with the phenyl ring of PHE82. The
side chain of this residue is relatively flexible, which may ex-
Fig. 3. Compound 14 docked in the ATP binding pocket of the catalytic site of
CDK5/p25, mainly through hydrophobic interaction and four hydrogen bonds
with PHE82, ASN144, ASP86 and CYS83. Overview (top) and close up of the
active site (bottom). The ligand is shown in green.
plain the tolerance towards different substituents in the 5-posi-
tion of the indolinone ligands. In the case of GSK/3β, the li-
gand is docked in the same orientation as found for
bromoindirubine. The indolinone moieties of the two com-
pounds are practically superimposable (Fig. 4). The carboxylic
acid is exposed to the solvent and oriented towards GLN151
and makes a H-bond to the backbone carbonyl oxygen of that
residue. The lack of this interaction may be responsible for the
inactivity of the non-carboxylated congeners e.g. compound 24
versus compound 14 against GSK/3β. Also, compound 14 can
form three more hydrogen-bonds, some of which are in ana-
logy to the GSK-bromoindirubin X-ray structure, to the side
chains of GLU103, VAL115, and ASP133 (pdb code 1UV5).
Otherwise, hydrophobic interactions seem to dominate the
binding of 14 to GSK3.

Moreover, the hydrophobic nature of the binding pocket
may explain the higher potency of most of the bromine and
Fig. 4. Compound 14 docked into the ATP binding pocket of the catalytic site
of GSK. Overview (top) and close up of the active site (bottom). Compound 14
is shown in green and bromoindirubine (from pdb 1UV5 crystal structure) is
shown in gray.



Table 3
The in vitro activities of some selected compounds upon HUVEC cells

Compounds IC50 (μM)
Proliferation
inhibition

Inhibition of cord
formation

Inhibition of
chemotaxis

13 >100 >100 >100
14 29 80 >100
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chlorine derivatives as compared to the unsubstituted one as
the binding cavities of CDK5/p25 and GSK/3β are lined
mostly with hydrophobic amino acids.

3.3. In vitro antitumor testing [39,40]

All compounds were initially tested for cytotoxicity at a sin-
gle 10–4 M concentration. This prescreen assay aims to elimi-
nate a large proportion of the inactive agents, and preserve
“active” agents for the multi-dose 60 cell line testing. Results
for each compound are reported as the percent of growth of the
treated cells when compared to the untreated control cells.
Only compounds that reduce the growth of any of these cell
lines to 32% or less are considered active and passed on for
evaluation in the full six cell lines panel over a 5-log dose
range. Cell lines in this prescreen were MCF7 Breast, NCI-
H460 Lung and SF-268 CNS, as they are considered as good
predictors of clinically useful drugs. All the final compounds
9–14 and 19–22 were evaluated in this prescreen test. As
shown in Table 2, all the tested compounds were inactive. In
this regard our compounds showed a behavior similar to that of
compounds 1–3 [18,19]. One possible explanation for the lack
of biological activity of compounds 9–14 and 19–25 is the pre-
sence of the acidic function which, by its charge, may prevent
entry of the compounds into the cell.

3.4. Anti-angiogenesis testing

Angiogenesis is a complex process that includes endothelial
cells proliferation, migration, alignment and formation of capil-
lary like structures. Compounds 13 and 14 were selected for
the anti-angiogenesis testing by the NCI. In particular, their
ability to inhibit human umbilical vein endothelial cells (HU-
VECs) proliferation, cord formation and migration in response
to chemoattractant [41,42] Although both compounds are ki-
nase inhibitors, only compound 14 seems to be active at non-
cytotoxic doses (Table 3). The inactivity of compound 13 in-
dicates that the anti-angiogenic activity in this case is indepen-
dent of their kinase inhibitory properties. Compound 14 inhi-
Table 2
Three cell panel, growth percentages after incubation with 10−4 M drug
concentration

Compounds (Breast)
MCF7

(Non-small cell lung)
NCI-H460

(CNS) SF-268

9 168 113 126
10 124 94 116
11 161 105 126
12 152 117 121
13 160 115 123
14 158 117 125
19 127 107 121
20 162 104 123
21 170 121 118
22 150 124 122
23 100 98 122
24 122 118 105
25 113 90 110
bits endothelial cells proliferation rather than cord formation
and chemotaxis in response to chemoattractants.

In conclusion, we have generated imines composed of isatin
or haloisatins coupled with histidine, and histamine as a new
scaffold structure for protein kinase inhibition. The positive
contribution of the halogen substituent particularly on positions
5 and 6 of the indolone moiety and of the carboxylic function
may provide some interesting clues to improve the potency or
selectivity of such class of compounds, respectively. The com-
mercial availability of the starting materials, their diversity and
the one step synthesis procedure add positively to this ap-
proach.

4. Experimental

4.1. Chemistry

Melting points were determined on the Electrothermal Melt-
ing Point apparatus and were uncorrected. Infrared spectra
were recorded on the Shimadzu-470 infrared spectro-
photometer. 1H-NMR spectra were recorded in DMSO-d6 on
Varian XL-300 MHz spectrometers or varian XL200 MHz
(chemical shifts are given in parts per million (PPM)). Elemen-
tal analyses (C, H, N) were performed by the Microanalytical
Unit, Faculty of Science, Cairo University; the values were
found to be within ±0.4% of the theoretical ones, unless other-
wise indicated. Gas chromatography (GC) CIMS spectra were
made on Finnigan MAT, SSQ 7000 while GC-EIMS were
made on Hewlett Packard GC–MS, model 5890, series II. In-
termediates 15–18 were prepared by a reported procedure
[1,20].

4.1.1. General procedure for the synthesis of the final
compounds 9–14 and 19–25

A mixture of 0.01 mol of isatin or the appropriate haloisatin
is refluxed with an equimolar amount of the appropriate neutral
L-amino acid or histamine in ethanol (10 ml) for 5 hours and
left to cool. The precipitated solid was filtered, washed with
water, dried and crystallized from the appropriate solvent.

4.1.1.1. 3-Methyl-2-{[2-oxoindolin-3-ylideneamino}butanoic
acid (9). Yield 58%; m.p. 106–108 °C; ethanol/ether; IR (KBr,
cm–1): 3400–2400, 3220, 2980, 1730, 1690, 1610; 1H-NMR:
0.86–1.10 (m, 6H, 2 × CH3), 2.05–2.14 (m, 1H, CH (CH3)2),
4.27 (d, 1H, CH–COOH), 6.76–7.45 (m, 4H, aromatic), 10.20
(brs, 1H, NH), 10.45 (brs, 1H, COOH); CIMS m/z: 246 (M+,
5%); Anal. (C13H14N2O3·0.1H2O) C, H, N.
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4.1.1.2. 2-(5-Bromo-2-oxoindolin-3-ylideneamino)-3-methylbu-
tanoic acid (10). Yield 70%; m.p. 137–139 °C; ethanol/ether;
IR (KBr, cm–1): 3400–2400, 3230, 2990, 1735, 1690, 1620; 1H
-NMR: 0.84–1.06 (m, 6H, 2 × CH3), 1.92–2.08 (m, 1H, CH
(CH3)2), 4.22 (d, 1H, CH–COOH, J = 7 Hz), 6.78–7.25 (m,
3H, aromatic), 10.20 (brs, 1H, NH), 10.40 (brs, 1H, COOH);;
CIMS m/z: 326 (M+), 328 (M+ + 2); Anal.
(C13H13BrN2O3·0.2H2O) C, H, N.

4.1.1.3. 3-Hydroxy-2-{[-2-oxoindolin-3-ylidene]amino}butanoic
acid (11). Yield 63%; m.p. 211–213 °C; ethanol/pet. ether; IR
(KBr, cm–1): 3400–2450, 3270, 2970, 1720, 1690, 1620; 1H-
NMR: 1.07–1.14 (m, 3H, CH3), 3.57–3.60 (m, 1H, CH–CH3),
4.08–4.17 (m, 1H, CH–COOH), 6.73–7.50 (m, 5H, aromatic,
OH), 10.20 (brs, 1H, NH), 10.54 (brs, 1H, COOH); CIMS m/z:
248 (M+, 16%); Anal. (C12H12N2O4) C, H, N.

4.1.1.4. 2-{[-5-Bromo-2-oxoindolin-3-ylidene]amino}-3-hydro-
xybutanoic acid (12). Yield 58%; m.p. 158–159 °C; ethanol/
pet. ether; IR (KBr, cm−1): 3400–2500, 3250, 2950, 1720,
1690, 1615; 1H-NMR: 1.03–1.24 (m, 3H, CH3), 3.50–3.60
(m, 1H, CH–CH3), 4.05–4.28 (m, 1H, CH–COOH), 6.73–
7.51 (m, 4H, aromatic, OH), 9.80 (s, 1H, NH), 10.0 (brs, 1H,
COOH); MS m/z: 328 (M+), 330 (M+ + 2); Anal.
(C12H11BrN2O4·0.2H2O) C, H, N.

4.1.1.5. (E)-3-(1H-imidazol-2-yl)-2-{[2-oxoindolin-3-ylidene]
amino}propanoic acid (13). Yield 61%; m.p. 248–250 °C;
ethanol/ether; IR (KBr, cm−1): 3400–2400, 3200, 1720, 1690,
1610; 1H-NMR: 3.45–3.49 (m, 2H, CH2), 4.00–4.15 (m, 1H,
CH–COOH), 6.67–7.48 (m, 6H, aromatic), 10.2 (brs, 1H, NH,
exchangeable), 10.50 (brs, 1H, COOH, exchangeable), 11.80
(brs, 1H, NH, exchangeable); CIMS m/z: 284 (M+, 13%);
Anal. (C14H12N4O3) C, H, N.

4.1.1.6. (E)-2-{[-5-bromo-2-oxoindolin-3-ylidene]amino}-3-
(1H-imidazol-2-yl)propanoic acid (14). Yield 60%; m.p.
228–230 °C; ethanol/ether; IR (KBr, cm−1): 3400–2400,
3200, 1720, 1680, 1620; 1H-NMR: 3.43–3.48 (m, 2H, CH2),
4.05–4.28 (m, 1H, CH–COOH), 6.76–7.54 (m, 5H, aromatic),
10.2 (brs, 1H, NH, exchangeable), 10.60 (brs, 1H, COOH, ex-
changeable), 12.2 (brs, 1H, NH, exchangeable); CIMS m/z:
364 (M+), 366 (M+ + 2); Anal. (C14H11BrN4O3) C, H, N.

4.1.1.7. 2-{[4-Chloro-2-oxoindolin-3-ylidene]amino}-3-(1H-imi-
dazol-2-yl)propanoic acid (19). Yield 57%; m.p. 191–193 °C;
ethanol/ether; IR (KBr, cm−1): 3400–2400, 3250, 1730, 1690,
1610; 1H-NMR: 3.43–3.48 (m, 2H, CH2), 4.05–4.28 (m, 1H,
CH–COOH), 6.76–7.33 (m, 5H, aromatic), 10.35 (brs, 1H,
NH, exchangeable), 10.61 (brs, 1H, COOH, exchangeable),
11.23 (brs, 1H, NH, exchangeable); CIMS m/z: 318 (M+), 320
(M+ + 2); Anal. (C14H11ClN4O3) C, H, N.

4.1.1.8. (E)-2-{[5-chloro-2-oxoindolin-3-ylidene]amino}-3-(1H-
imidazol-2-yl)propanoic acid (20). Yield 70%; m.p. 228–
230 °C; ethanol/ether; IR (KBr, cm−1): 3400–2400, 3230,
1720, 1690, 1620; 1H-NMR: 3.50–3.53 (m, 2H, CH2), 3.90–
4.20 (m, 1H, CH–COOH), 6.78–7.50 (m, 5H, aromatic), 10.43
(brs, 1H, NH, exchangeable), 10.79 (brs, 1H, COOH, ex-
changeable), 11.78 (brs, 1H, NH, exchangeable); CIMS m/z:
318 (M+), 320 (M+ + 2); Anal. (C14H11ClN4O3) C, H, N.

4.1.1.9. (E)-2-{[6-chloro-2-oxoindolin-3-ylidene]amino}-3-(1H-
imidazol-2-yl)propanoic acid (21). Yield 67%; m.p. 200–
202 °C; ethanol/ether; IR (KBr, cm−1): 3400–2400, 3250,
1720, 1680, 1615 1H-NMR: 3.43–3.51 (m, 2H, CH2), 4.00–
4.20 (m, 1H, CH–COOH), 6.78–7.40 (m, 5H, aromatic), 10.2
(brs, 1H, NH, exchangeable), 10.45 (brs, 1H, COOH, ex-
changeable), 11.20 (brs, 1H, NH, exchangeable); CIMS m/z:
318 (M+), 320 (M+ + 2); Anal. (C14H11ClN4O3) C, H, N.

4.1.1.10. (E)-2-{[7-chloro-2-oxoindolin-3-ylidene]amino}-3-(1H-
imidazol-2-yl)propanoic acid (22). Yield 50%; m.p. 148–
150 °C; ethanol/ether; IR (KBr, cm−1): 3400–2400, 3250,
1730, 1690, 1620; 1H-NMR: 3.40–3.42 (m, 2H, CH2), 4.02–
4.22 (m, 1H, CH–COOH), 6.80–7.42 (m, 5H, aromatic), 10.23
(brs, 1H, NH, exchangeable), 10.60 (brs, 1H, COOH, ex-
changeable), 11.80 (brs, 1H, NH, exchangeable); CIMS m/z:
318 (M+), 320 (M+ + 2); Anal. (C14H11ClN4O3) C, H, N.

4.1.1.11. C;(E)-3-(2-(1H-imidazol-4-yl)ethylimino)indolin-2-
one (23). Yield 56%; m.p. 268–270 °C; ethanol/ether; IR (KBr,
cm−1): 3300, 1700, 1620; 1H-NMR: 2.562.76 (m, 2H,
CH2–CH2–N), 3.04–3.06 (m, 1H, CH2–CH2–N), 3.46–3.54
(m, 1H, CH2–CH2–N); 6.80–7.30 (m, 6H, aromatic), 10.15
(s, 1H, NH, exchangeable), 11.78 (s, 1H, NH, exchangeable);
EIMS: m/z 240 (M+, 16%); Anal. (C13H12N4O) C, H, N.

4.1.1.12. (E)-3-(2-(1H-imidazol-4-yl)ethylimino)-5-chloroindo-
lin-2-one (24). Yield 56%; m.p. 286–287 °C; ethanol/ether; IR
(KBr, cm−1): 3300, 1710, 1620; 1H-NMR: 2.56–2.70 (m, 1H,
CH2–CH2–N), 2.80–2.86 (m, 1H, CH2–CH2–N), 3.02–3.06
(m, 1H, CH2–CH2–N), 3.46–3.54 (m, 1H, CH2–CH2–N),
6.82–7.33 (m, 5H, aromatic), 10.29 (s, 1H, NH, exchangeable),
11.80 (s, 1H, NH, exchangeable); EIMS: m/z 274 (M+), 276
(M+ + 2); Anal. (C13H11ClN4O) C, H, N.

4.1.1.13. (E)-3-(2-(1H-imidazol-4-yl)ethylimino)-5-bromoindo-
lin-2-one (25). Yield 75%; m.p. 276–277 °C; ethanol/ether; IR
(KBr, cm−1): 3350, 1700, 1620; 1H-NMR: 2.59-2.71 (m, 2H,
CH2–CH2–N), 3.02–3.06 (m, 1H, CH2–CH2–N), 3.46–3.50
(m, 1H, CH2–CH2–N), 6.78–7.36 (m, 5H, aromatic), 10.30
(brs, 1H, NH, exchangeable), 11.84 (brs, 1H, NH, exchange-
able); EIMS: m/z 320 (M+), 322 (M+ + 2); Anal.
(C13H11BrN4O) C, H, N.

4.2. Kinase preparations and assays [1,35,36]

CDK1/cyclin B was extracted in homogenization buffer
from M phase starfish (Marthasterias glacialis) oocytes and
purified by affinity chromatography on p9CKShs1-sepharose
beads, from which it was eluted by free p9CKShs1 as pre-
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viously described in [35,36]. The kinase activity was assayed
in buffer C, with 1 mg of histone H1 ml–1, in the presence of
15 μM [γ−32P]ATP (3000 Ci mmol–1; 1 mCi ml–1) in a final
volume of 30 μl. After 10 min of incubation at 30 °C, 25 μl
aliquots of supernatant were spotted onto 2.5 × 3-cm pieces of
Whatman P81 phosphocellulose paper, and 20 s later, the fil-
ters were washed five times (for at least 5 min each time) in a
solution of 10 ml of phosphoric acid l–1 of water. The wet
filters were counted in the presence of 1 ml of ACS (Amer-
sham) scintillation fluid.

CDK5/p25 was reconstituted by mixing equal amounts of
recombinant mammalian CDK5 and p25 expressed in E. coli
as glutathione-S-transferase (GST) fusion proteins and purified
by affinity chromatography on glutathione agarose (vectors
kindly provided by Dr. J. H. Wang) (p25 is a truncated version
of p35, the 35 kDa CDK5 activator). Its activity was assayed in
buffer C as described for CDK1/cyclin B (see above).

GSK-3α/β was purified from porcine brain by affinity chro-
matography on immobilized axin. It was assayed, following a
1/100 dilution in 1 mg of BSA ml–1 of 10 mM DTT, with 5 μl
of 40 μM GS-1 peptide as a substrate, in buffer A, in the pre-
sence of 15 μM [γ−32P] ATP (3000 Ci mmol–1; 1 mCi ml–1) in
a final volume of 30 μl. After 30 min of incubation at 30 °C,
25 μl aliquots of supernatant were spotted onto 2.5 × 3-cm
pieces of Whatman P81 phosphocellulose paper, and treated
as under CDK1/cyclin B.

4.3. In vitro cytotoxicity assay [39,40]

4.3.1. Three cell lines prescreen
Briefly, the cancer-screening cell lines were grown in RPMI

1640 medium containing 5% fetal bovine serum and 2 mM L-
glutamine. For a typical screening experiment, cells were in-
oculated into 96 well microtiter plates in 100 ml at plating
densities ranging from 5000 to 40,000 cells per well depending
on the doubling time of individual cell lines. After cell inocu-
lation, the microtiter plates were incubated at 37 °C, 5% CO2,
95% air and 100% relative humidity for 24 h prior to addition
of experimental drugs. After 24 h, two plates of each cell line
were fixed in situ with trichloroacetic acid (TCA), to represent
a measurement of the cell population. For each cell line at the
time of drug addition (Tz). Experimental drugs were solubi-
lized in dimethyl sulfoxide at 400-fold the desired final max-
imum test concentration and stored frozen prior to use. At the
time of drug addition, an aliquot of frozen concentrate was
thawed and diluted to twice the desired final maximum test
concentration with complete medium containing 50 mg ml–1

gentamicin. Aliquots of 100 μl of these different drug dilutions
were added to the appropriate microtiter wells already contain-
ing 100 μl of medium, resulting in the required final drug con-
centrations. Following drug addition, the plates were incubated
for an additional 48 h at 37 °C, 5% CO2, 95% air, and 100%
relative humidity. For adherent cells, the assay was terminated
by the addition of cold TCA. Cells were fixed in situ by the
gentle addition of 50 ml of cold 50% (w/v) TCA (final concen-
tration, 10% TCA) and incubated for 60 min at 4 °C. The
supernatant was discarded, and the plates were washed five
times with tap water and air dried. Sulforhodamine B (SRB)
solution (100 ml) at 0.4% (w/v) in 1% acetic acid was added
to each well, and plates were incubated for 10 min at room
temperature. After staining, unbound dye was removed by
washing five times with 1% acetic acid and the plates were
air dried. Bound stain is subsequently solubilized with
10 mM trizma base, and the absorbance was read on an auto-
mated plate reader at a wavelength of 515 nm.

4.4. Antiangiogenesis testings [41,42]

4.4.1. HUVEC cells growth inhibition assay
HUVEC (1.5 × 103) were plated in a 96-well plate in 100 μl

of EBM-2 (Clonetic #CC3162). After 24 h (day 0), the test
compound (100 μl) was added to each well at 2× the desired
concentration (five to seven concentration levels) in EBM-2
medium. On day 0, one plate was stained with 0.5% crystal
violet in 20% methanol for 10 min, rinsed with water, and
air-dried. The remaining plates were incubated for 72 h at
37 °C. After 72 h, plates were stained with 0.5% crystal violet
in 20% methanol, rinsed with water and air-dried. The stain
was eluted with 1:1 solution of ethanol: 0.1 M sodium citrate
(including day 0 plate), and absorbance was measured at
540 nm with an ELISA reader (Dynatech Laboratories). Day
0 absorbance was subtracted from the 72 h plates and data
were plotted as percentage of control proliferation (vehicle
treated cells). IC50 (drug concentration causing 50% inhibition)
was calculated from the plotted data.

4.4.2. Cord formation assay
Matrigel (60 μl of 10 mg ml–1; Collaborative Lab#35423)

was placed in each well of an ice-cold 96-well plate. The plate
was allowed to sit at room temperature for 15 min then incu-
bated at 37 °C for 30 min to permit the matrigel to polymerize.
In the mean time, HUVECs were prepared in EGM-2 (Clonetic
#CC3162) at a concentration of 2 × 105 cells per ml. The test
compound was prepared at 2× the desired concentration (five
concentration levels) in the same medium. Cells (500 μl) and
2× drug (500 μl) was mixed and 200 μl of this suspension are
placed in duplicate on the polymerized matrigel. After 24 h
incubation, triplicate pictures were taken for each concentration
using a Bioquant Image Analysis system. Drug effect (IC50)
was assessed compared to untreated controls by measuring
the length of cords formed and number of junctions.

4.4.3. Cell migration assay
Migration was assessed using the 48-well Boyden chamber

and 8 mm pore size collagen-coated (10 g ml–1 rat tail col-
lagen; Collaborative Laboratories) polycarbonate filters (Os-
monics, Inc.). The bottom chamber wells received 27–29 μl
of DMEM medium alone (baseline) or medium containing che-
moattractant VEGF 10 ng ml–1. The top chambers received
45 μl of HUVEC cell suspension (1 × 106 cells ml–1) prepared
in DMEM11% BSA with or without test compound. After 5 h
incubation at 37 °C, the membrane was rinsed in PBS, fixed
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and stained in Diff-Quick solutions. The filter was placed on a
glass slide with the migrated cells facing down and cells on top
were removed using a Kimwipe. The testing was performed in
four to six replicates and five fields were counted from each
well. Negative unstimulated control values are subtracted from
stimulated control and drug treated values and data were
plotted as mean migrated cell ± S.D. IC50 is calculated from
the plotted data.

4.5. Molecular modeling

4.5.1. Methods

4.5.1.1. Conformational search. The minimum conformer of
compound 14 was determined using the MACROMODEL
software [38] (csearch module, Monte Carlo Multiple Mini-
mum method, MMFFs force field). All rotatable C–C and C–
N bonds were flexible. 10000 Monte Carlo steps were taken.
All conformers within 50 kcal mol–1 of the potential energy
minimum were saved for further analysis.

4.5.1.2. Docking. The proteins (PDB ID code: 1UNL and
1UV5, for CDK5/p25 complexed with Roscovitine and
GSK3/3β complexed with 6-bromoindirubin-3′-oxime, respec-
tively) were prepared as follows: Upon removal of ions, water
molecules and the co-crystallized ligands, the proteins were
loaded into the xleap utility of AMBER-7 [43], where AMBER
force field charges and hydrogen atoms were added. The pro-
teins were then saved as amber OFF files and converted by in-
house software to MOL2 files for use in the docking runs. A
MOL2 files of the ligand was generated by Macromodel, fol-
lowed by some minor manual changes (correction of aromatic
carbons and aromatic bonds). The program GOLD was used to
dock 14 into the binding sites of GSK and CDK5. The active
site was defined from all residues within 10 Å of the center of
the binding pocket. GOLD default settings without any speed-
up were used for the docking, except that early termination was
not allowed. Visualization was done using the Chimera [44]
and PYMOL (NEW CITATION) [45] programs.
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