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In-vitro antiproliferative activities and kinase inhibitory
potencies of glycosyl-isoindigo derivatives
Mathieu Sassatellia, Fadoua Bouchikhia, Bettina Aboaba, Fabrice Anizona,
Doriano Fabbrob, Michelle Prudhommea and Pascale Moreaua

In the course of studies on the preparation of potential

kinase inhibitors, we were interested in the synthesis of

diversely substituted glycosyl-isoindigo derivatives.

To get an insight into the effect of the substitution

pattern of the isoindigo aromatic and carbohydrate

moieties on the biological activities and to identify the

cellular target(s) involved in the in-vitro antiproliferative

activity of these derivatives, their inhibitory activities

toward a panel of 10 different kinases were examined.

The best inhibitory activities were found toward

cyclin-dependent kinase 2/cyclin A. Molecular modelling

experiments were carried out to investigate the

binding interactions between the active site of cyclin-

dependent kinase 2 and the lead compound of this series.
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Introduction
Protein kinases play important roles in regulating most

cellular functions such as proliferation/cell cycle, cell

metabolism, survival/apoptosis, DNA damage repair, cell

motility and response to the microenvironment. Recent

investigations reveal that there are over 500 human

kinases. Many kinase inhibitors are currently in different

phases of clinical development. Moreover, some kinase

inhibitors are already used for the treatment of different

cancers: gefitinib and erlotinib are epidermal growth

factor receptor inhibitors used for the treatment of

nonsmall cell lung cancer, and imatinib mesylate is a c-Abl

inhibitor used for treatment of chronic myeloid leukaemia

(Fig. 1).

In the course of studies on the preparation of potential

kinase inhibitors, we were interested in the synthesis of

indolinones [1–4], more particularly indigoid derivatives.

Indigo, indirubin and isoindigo, containing a bis-indole

framework, have been isolated from various natural

sources (Fig. 2).

The bis-indole indirubin is the active ingredient of

Danggui Longhui Wan, a mixture of plants used in

traditional Chinese medicine to treat chronic diseases.

Indirubins are potent inhibitors of several kinases such as

glycogen synthase kinase (GSK)-3b and cyclin-dependent

kinases (CDKs) [5]. Indirubin is known to interact with

the ATP-binding site of CDK2, CDK5 and GSK-3 [6].

Moreover, structure–activity relationship studies have

shown that 5-nitro and 5-bromoindirubin are more potent

kinase inhibitors (GSK-3b, CDK1, CDK5) than their

parent indirubin [5]. Indirubin and indigo are also potent

aryl hydrocarbon receptor ligands [7,8].

The indolin-2-one skeleton is found in the structure of

indirubin and isoindigo (Fig. 2). Indolin-2-one derivatives

are usually known as ATP competitive inhibitors of

receptor tyrosine kinase such as vascular endothelial

growth factor receptor, fibroblast growth factor receptor

and platelet-derived growth factor receptor [9,10]

(e.g. SU6668, SU11248). Moreover, some imidazo[2,1-b]-

thiazolylmethylene-2-indolinones such as compounds A

or indolylmethylene-2-indolinones such as compounds B

have been described as CDK1/cyclin B inhibitors [11]

(Fig. 3). Recently, SU9516, possessing an indolin-2-one

framework was described as an ATP competitive inhibitor

of CDKs (Fig. 3) [12].

We have reported in previous papers the synthesis and in-

vitro antiproliferative activities of 13 isoindigo derivatives

bearing a sugar residue attached to one of the oxindole

nitrogens and diversely substituted on the aromatic rings

in the 5, 6 or 50 positions (Fig. 4) [2,3]. Some of these

glycosyl-isoindigo derivatives have shown significant

cytotoxicities. To get an insight into the best substitution

pattern required to get relevant biological activities and

to identify the cellular target(s) involved in the in-vitro

antiproliferative activity of these isoindigo derivatives,

their inhibitory potencies toward a panel of 10 different

kinases were examined. The kinases tested were either

receptor tyrosine kinase, nonreceptor tyrosine kinases or
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serine/threonine kinases. The receptor tyrosine kinases

tested were KDR, Flt-3, IGF-1R, Tek, c-Met and RET.

The nonreceptor tyrosine kinases tested were Src and

Abl. The serine/threonine kinase tested were protein

kinase A and CDK2. Molecular modelling experiments

were also performed to investigate the binding inter-

actions between the active site of CDK2 and the lead

compound of this series.

Materials and methods
In-vitro kinase inhibition assays

The in-vitro kinase assays were performed in 96-well

plates (30 ml) at ambient temperature for 15–45 min

using the recombinant glutathione S-transferase-fused

kinase domains (4–100 ng, depending on specific activity)

prepared previously [13,14]. [g33P]ATP was used as

phosphate donor and polyGluTyr-(4 : 1) peptide as

acceptor. With the exception of PKA for which the

heptapeptide Leu–Arg–Arg–Ala–Ser–Leu–Gly (known as

Kemptide; Bachem, Bubendorf, Switzerland) was used as

peptide substrate. Assays were optimized for each kinase

using the following ATP concentrations: 1.0 mmol/l

(c-Met and RET), 5.0 mmol/l (c-Abl), 8.0 mmol/l (Flt-3,

KDR, IGF-1R, Tek) and 20.0 mmol/l (c-Src and PKA).

The reaction was terminated by the addition of 20 ml of

125 mmol/l EDTA. Either 30 (c-Abl, c-Src, IGF-1R, RET)

or 40 ml (all other kinases) of the reaction mixture was

transferred onto Immobilon-polyvinylidene difluoride

membrane (Millipore, Bedford, Massachusetts, USA),

pre-soaked with 0.5% H3PO4 and mounted on a vacuum

manifold. Vacuum was then applied and each well rinsed

with 200ml of 0.5% H3PO4. Membranes were removed and

washed four times with 1.0% H3PO4 and once with

ethanol. Dried membranes were counted after mounting

in a Packard TopCount 96-well frame and with the

addition of 10ml/well of Microscint. For RET kinase assay,

either glutathione S-transferase–wild-type RET (15 ng) or

glutathione S-transferase–RET-Men2B protein (15 ng)

was used. The CDK2/cyclin A assay was performed as

described previously [15]. The IC50 values were calculated

by linear regression analysis of the percentage inhibition.

Molecular modelling

To investigate the binding interactions involved between

CDK2 and compound 1 and 13, we used the crystal

structure 1KE7 [16] from the Protein Data Bank. All

molecular mechanics calculations and molecular surface

were performed by the Macromodel (Shroedinger,

Portland, Oregon, USA) molecular modelling software.

Energy minimization was done with AMBER force field

[17,18] using the Truncated Newton Conjugate Gradient

method.

Results and discussion
The kinases inhibition percentages, at a drug concentra-

tion of 10 mmol/l, of isoindigo and compounds 1–13 were

determined (Table 1). The IC50 values were calculated

for compounds 1–6 and 13 toward KDR, IGF-1R, c-Met,

Ret, c-Src and CDK2/A (Table 1). Isoindigo was almost

inactive toward all the tested kinases. On the contrary,

some protected glycosyl-isoindigos (1–6 and 13) were

efficient toward different kinases indicating that the

presence of a protected sugar moiety is favorable to the

interaction with the ATP-binding site of the target

enzyme(s). Four categories of glycosyl-isoindigos can be

distinguished according to their structure: the first one

with the aromatic moiety substituted or not in the 5 or 6

Fig. 1
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Fig. 3
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Table 1 Percentage of kinase inhibition at a drug concentration of 10 lmol/l

Kinases Isoindigo 1 2 3 4 5 6 7 8 9 10 11 12 13

KDR 18 43 (0.91) 60 (0.79) 67 (1.1) 59 (0.85) 58 (0.36) 49 (4.5) 1 (—) 4 (—) 7 (—) 0 (—) 17 (—) 0 (—) 87 (2.2)
Flt-3 14 0 0 1 0 0 11 10 12 11 0 15 0 45
IGF-1R 30 42 (1.0) 70 (3.2) 64 (3.0) 76 (2.7) 60 (1.3) 13 ( > 10) 0 (—) 0 (—) 3 (—) 0 (—) 26 (—) 0 (—) 77 (1.6)
Tek 3 22 41 48 38 34 34 6 10 8 0 16 4 38
c-Met 28 90 (0.43) 89 (0.51) 88 (0.79) 92 (0.34) 87 (0.48) 81 (2.8) 6 (—) 16 (—) 18 (—) 0 (—) 22 (—) 0 (—) 69 (9.5)
Ret 33 86 (1.7) 86 (2.0) 85 (3.3) 91 (1.5) 88 (2.1) 89 (6.9) 0 (—) 19 (—) 17 (—) 0 (—) 38 (—) 0 (—) 79 (9.6)
c-Src 5 97 (4.0) 98 (3.8) 98 (3.7) 97 (2.6) 98 (3.4) 96 (5.4) 0 (—) 0 (—) 4 (—) 0 (—) 33 (—) 0 (—) 85 ( > 10)
c-Abl 11 33 33 32 38 43 24 0 0 15 0 16 0 48
PKA 0 2 0 0 29 5 0 0 0 3 0 0 0 12
CDK2/A 21 86 (0.14) 73 (0.76) 72 (0.13) 87 (0.20) 81 (0.21) 57 (4.2) 0 (—) 0 (—) 2 (—) 0 (—) 25 (—) 0 (—) 99 (1.2)

IC50 values (mmol/l) are given in parantheses. PKA, protein kinase A; CDK, cyclin-dependent kinase.
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positions and with the sugar residue substituted with

benzyl groups (1–5), the second one with the aromatic

moiety substituted or not in the 5 position and with a

nonprotected sugar residue (7–10), the third one with

the aromatic moiety substituted or not in the 5 position

and with the sugar residue substituted with acetyl groups

(11–13) and the last one substituted with a carboxylic

acid side chain on the upper aromatic moiety (6).

Compounds 1–5 have a similar inhibition profile. They

were particularly active toward CDK2 with IC50 values in

the 0.1 – 0.2 mmol/l range, except compound 2 for which

the IC50 value was higher. They were all efficient toward

KDR and c-Met with IC50 values r 1 mmol/l. Moreover,

these compounds were active toward IGF-1R, RET and

c-src with IC50 values in the micromolar range. These

results indicated that in the benzylated series, the

substitution pattern on the lower aromatic moiety does

not deeply affect the kinase inhibition profiles.

Compound 6 was in general a weaker kinase inhibitor

than compounds 1–5, indicating that the substitution of

the upper aromatic moiety with a carboxylic acid side

chain is detrimental to kinase inhibition.

Compounds 7–10 were almost inefficient toward all

the tested kinases indicating that the presence of a

nonprotected sugar residue is damaging for kinase

inhibition.

Compounds 11–13, acetylated on the sugar residue,

exhibited different inhibition profiles. Compound 11,

unsubstituted on the aromatic moiety has no significant

inhibitory activities toward the kinases tested. Com-

pound 12 bearing a nitro group in the 5 position was

completely inactive toward the kinases tested, whereas

compound 13 bearing a bromine atom in the 5 position

clearly inhibited kinases such as KDR, IGF-1R and CDK2

with IC50 values in the micromolar range. These results

indicated that in the acetylated series, the inhibition of

the kinases tested strongly depends upon the nature of

the substituent in the 5 position.

In summary, compounds 1–5 with the aromatic moiety

substituted or not in the 5 or 6 positions and with the

sugar residue substituted with benzyl groups are potent

inhibitors of CDK2. Therefore, molecular modelling

experiments were carried out to investigate the binding

interactions between the active site of CDK2 and

compound 1. Moreover, the binding interactions between

compound 13 and CDK2 were also studied to demon-

strate the differences between both categories of

compounds. For these studies, the 1KE7 structure for

CDK2 [16] was used.

For compound 1, two hydrogen bonds were observed

(Fig. 5a). The oxindole ring system interacted with

CDK2 in a similar manner to that observed for indolin-2-

one derivatives. Two hydrogen bonds were formed

between the upper lactam moiety and CDK2. Specifi-

cally, the amide NH was H-bonded to the backbone

carbonyl of Glu-81 and the amide carbonyl oxygen was H-

bonded with the backbone NH of Leu-83. Two hydrogen

bonds were also observed between ATP and the same

residues of CDK2.

For compound 13, three hydrogen bonds were observed

(Fig. 5a). Two hydrogen bonds as already observed with

the lactam moiety of compound 1, and an extra hydrogen

bond which was established between the carbonyl oxygen

of 60-acetyl group and the side chain NH of Lys-9.

Despite less hydrogen-binding interactions involved,

compared with compound 13, compound 1 was a more

efficient CDK2 inhibitor. Indeed, the complex compound

1–CDK2 was stabilized by hydrophobic interactions

Fig. 5
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(a) Binding interactions between compounds 1 and 13 and the active
site of CDK2, (b) hydrophobic surface representation of CDK2 in
complex with compound 1 (hydrophobic residues are colored in light
grey, polar residues in grey and charged residue in black).
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between the benzyl groups of the sugar moiety and the

hydrophobic binding pocket of the enzyme (Fig. 5b).

In previous studies, the in-vitro antiproliferative activities

of these compounds (1–13) were determined toward a

panel of human solid cancer cell lines (PC-3, DLD-1,

MCF-7, M4Beu, A549, PA1), a murine cell line (L929)

and a human fibroblast primary culture [3] (Table 2).

Compounds 1–5, which exhibited potent inhibitory

activities toward various kinases, have not shown any

antiproliferative activity toward the cell lines tested. This

could be due to a poor cellular penetration. In contrast,

compound 6, which weakly inhibited various kinases and

is substituted with a carboxylic acid side chain that

counterbalanced the lipophilicity and should increase its

cellular penetration, was cytotoxic toward some of the

cell lines tested. Compounds 7–10 and 12 that exhibited

no cytotoxicity toward the cell lines tested were also

inactive toward the kinases tested. Compound 11, which

was slightly, cytotoxic did not show any inhibitory activity

toward the kinases tested indicating that other cellular

target(s) could be involved in the cytotoxicity of this

compound. In contrast, compound 13, which inhibited

significantly various kinases, was cytotoxic toward the cell

lines tested indicating that these kinases could be

involved in its cytotoxicity.

Conclusion

The kinases inhibition potencies and in-vitro antipro-

liferative activities of diversely substituted glycosyl-isoin-

digo derivatives were examined. The results of these

structure–activity relationship studies have shown that all

the benzylated compounds substituted or not on the lower

aromatic ring exhibited a similar inhibition profile toward

the kinases tested. None of them, however, were cytotoxic

toward the cell lines tested. The presence of the benzyl

groups on the sugar part improved kinase inhibition.

Concerning CDK2 inhibition, the benzyl groups allowed

hydrophobic interactions with the binding pocket (Fig. 5b).

Nevertheless, the high lipophilicity of these compounds

was detrimental to cellular penetration. In contrast, the

presence of the carboxylic acid side chain on the aromatic

moiety provided antiproliferative potencies to compound 6

despite lower kinase inhibitory activities compare with

those observed for compounds 1–5.

The acetylated compounds have shown different inhibi-

tion profiles. The substitution of the aromatic moiety by

a nitro group (compound 12) was detrimental to kinase

inhibition, whereas the presence of a bromine atom on

the heterocyclic part (compound 13) strongly enhanced

kinase inhibition. The presence of acetyl groups on the

sugar residue seemed to be favorable to the cellular

penetration as compound 13 has shown significant

in-vitro antiproliferative activities.
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