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The D816V activating mutation of the c-Kit kinase domain often causes human mastocytosis.
Although inhibitors of wild-type c-Kit are known (e.g. STI-571), they are at least 10 times less
active against the c-Kit mutant. Several derivatives of ellipticine (5,11-dimethyl-6H-pyrido-
[3,4-b]carbazole), substituted at positions 1, 2, 9, and 11, were found to inhibit purified D816V
and wild-type c-Kit kinase domains with comparable potencies by competing with ATP binding.
We investigated the difference between these inhibitors by modeling the D816V mutation in
crystal structures of inactive and active c-Kit. Molecular dynamics simulations strongly
suggested that the D816V point mutation shifts the conformational equilibrium of c-Kit kinase
domain toward the active conformation. All ellipticine compounds were subsequently docked
to the D816V mutant c-Kit model. The model provides possible explanations for the structure-
activity relationships observed among ellipticine compounds, resulting in new insights into
D816V c-Kit mutant inhibition.

Introduction
Receptor tyrosine kinases (RTKs) regulate the signal-

ing pathways that control cell growth and proliferation.1
The R and â receptors of the platelet-derived growth
factor (PDGFR-R and PDGFR-â), the colony-stimulating
factor-1 receptor (CSF-1, formerly c-Fms), and the stem
cell factor (SCF) receptor c-Kit (or CD117 antigen) all
belong to the type III RTK family.2 Type III RTK
members consist of an extracellular ligand-binding
domain comprising five immunoglobulin-like repeats, a
single transmembrane domain, and a cytoplasmic do-
main composed of a short juxtamembrane domain and
the tyrosine kinase domain.

c-Kit plays a key role in mast cell survival, dif-
ferentiation, maturation, and function as well as in the
differentiation of melanocytes and germ cells.3,4 The
binding of SCF to the extracellular immunoglobulin-like
domains of c-Kit4 results in the homodimerization of
c-Kit. This then trans-autophosphorylates specific ty-
rosine residues, such as Tyr 568 and Tyr 570 of the
juxtamembrane domain.5-7 This phosphorylated, active
form of c-Kit binds intracellular substrates and phos-
phorylates them, thereby triggering multiple signaling
pathways.2,8

Many mutations in the gene encoding the human
proto-oncogene, c-Kit, are associated with highly ma-
lignant cancers. In-frame deletions affecting the nega-
tive regulatory juxtamembrane domain are associated
with gastrointestinal stromal tumors.9-11 Point muta-
tions in the kinase domain are associated with human

germ cell tumors and sporadic adult human mastocy-
tosis.12,13 The D816V mutation is observed in most
patients with known mastocytosis.14 Both deletions and
point mutations result in the constitutive activation of
c-Kit in the absence of ligand binding. The precise
mechanism of action of the mutations is still unknown.
Inhibitors of c-Kit, and particularly of mutated c-Kit,
would have great value in cancer treatments. However,
the available tyrosine kinase inhibitors, such as STI-
57115,16 (Gleevec), are only effective against wild-type
c-Kit and c-Kit that has been mutated in the juxtamem-
brane domain and are not effective against c-Kit that
has been mutated in the kinase domain.10,17,18

The antitumoral properties of derivatives of the
alkaloid ellipticine (5,11-dimethyl-6H-pyrido[4,3-b]car-
bazole) have been attributed to three mechanisms. First,
the planar cation intercalates between the DNA base
pairs19-21 with a high affinity and can interfere with
DNA replication or DNA transcription. Second, ellipti-
cine derivatives can induce breaks in DNA that has been
extracted from cells.21 This second mechanism involves
topoisomerase II, an enzyme that makes transient DNA
double-strand breaks and therefore changes DNA topol-
ogy. This process is very useful in DNA transcription,
DNA replication, and chromosome segregation. The
topoisomerase II enzymes maintain the integrity of the
transiently cleaved DNA by covalently bonding, through
phosphotyrosyl bonds, between a tyrosine residue at the
catalytic site of the dimeric enzyme and the newly
created DNA 5′ termini. These transient, cleavable
complexes are stabilized by topoisomerase II poisons
such as the ellipticine derivatives.22 The ellipticine-
stabilized cleavable complexes are DNA sequence spe-
cific, having a thymine present at the 3′ end of the
cleavage site.23 In this mechanism, ellipticine is cyto-
toxic because it cleaves DNA, and recent studies have
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‡ Institut de Cancérologie et d’Immunologie.

6194 J. Med. Chem. 2005, 48, 6194-6201

10.1021/jm050231m CCC: $30.25 © 2005 American Chemical Society
Published on Web 09/07/2005



shown that the process is more efficient if the DNA is
made accessible by loosening the chromatin.24 The third
mechanism involves the ellipticine forming DNA ad-
ducts.25,26

Here, we show that ellipticine derivatives also have
tyrosine kinase-inhibiting activity. Further, we show
that several compounds have a similar inhibitory ef-
ficiency on both D816V mutant c-Kit and wild-type
c-Kit. We use molecular modeling and molecular dy-
namics to study the structural effects of the D816V point
mutation on the c-Kit kinase domain and the binding
of ellipticine to the D816V c-Kit mutant. We also explain
the different inhibitory characteristics of ellipticine
compounds and STI-571 toward c-Kit and its D816V
mutant and bring new insights into the D816V c-Kit
mutant inhibition.

Results and Discussion

Biological Results. Ellipticine Derivatives In-
hibit both D816V Mutant and Wild-Type c-Kit.
Previously reported tyrosine kinase inhibitors are in-
efficient against the D816V mutant.17,18 In particular,
STI-571 inhibits the kinase activity of both wild-type
c-Kit and its juxtamembrane mutant but has no effect
on the activity of the D816V mutant.15,16

We reproduced results showing the efficiency of STI-
571 (compound 1) on wild-type c-Kit and its inefficiency
on the D816V mutant16 (Table 1). We also measured,
by kinase assays, the in vitro inhibiting potency of 10
pyridocarbazole derivatives (compounds 2-11). We
showed that ellipticine derivatives inhibit wild-type and
D816V c-Kit with equal efficiency. Table 1 shows the
compounds sorted according to inhibition potency against
the kinase activity of wild-type c-Kit.

Structure-Activity Relationship. Of the ellipti-
cine series, the most active compounds have a group at
position 9 that can H-bond (see atom numbers in Figure
1). The -OH group was shown to be more efficient than
an -OCH3 group; therefore, position 9 should carry a
group that can both donate and accept H-bonds. If the
group can only receive H-bonds it is less active. Com-
pounds that have substituents such as -H or -Br at
position 9 cannot H-bond and are therefore inactive.
Compound 7 seems to be an exception, but the presence
of an extra intracyclic nitrogen may compensate for the
absence of an -OH at position 9.

The addition of a chain at N2 does not seem to
influence the c-Kit inhibiting activity: compounds 2 (no
chain), 3 (methyl group), and 4 (diethyl-propyl-amine
chain) are similarly active. This suggests that the
nitrogen N2 is not directly involved in the binding to
c-Kit.

The addition of a bulky N,N-diethyl-N′-methyl-
propane-1,3-diamine chain at position 1 is significantly
unfavorable for activity.

Finally, we studied the enzymatic activity at various
inhibitor concentrations. For compound 3, Vmax was not
affected (Figure 2). We obtained similar results for all
of the active compounds, showing that, for both the wild-
type and D816V mutant c-Kit, inhibition competes with
ATP. This indicates that the binding site of the ellipti-
cine compounds studied here overlaps the ATP-binding
site. Covalent linkage between the inhibitors and c-Kit
is not consistent with the results shown in Figure 2.

Table 1. Results of Kinase Assay for the Compounds 1-11a

a Compounds are sorted according to the kinase assay results.
b Drug concentration (µM) at which the kinase activity of the
purified kinase domain of c-Kit (either wild-type or D816V mutant)
is decreased by 50%.
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The activity of the enzyme was not affected after the
incubation of c-Kit with compound 3 and the subsequent
washing of the complex. This is consistent with the
formation of a physical complex between ellipticine and
c-Kit.

Inhibitory Activity of Ellipticine Derivatives
Against Other Tyrosine Kinases. We tested com-
pounds 2, 3, and 9 on the fibroblast growth factor
receptor 3 (FGFR3) and PDGFR-R tyrosine kinases. The
IC50 values were very similar to those for c-Kit (Table
2), suggesting that ellipticine compounds have no
selectivity.

We used cells that proliferate only when transfected
with either D816V mutated c-Kit or wild-type c-Kit in
the presence of its ligand (SCF) (see Experimental
Section) to study the ex vivo activity of the compounds.
In most cases, compounds that are active in vitro were
also active ex vivo (Table 3). Ellipticine compounds are
equally active on interleukin 3 (IL3)-mediated cell
proliferation (data not shown).

This suggests that ellipticine derivatives have many
targets ex vivo, which makes them highly cytotoxic.
However, no known c-Kit inhibitor binds efficiently to
D816V. Consequently, the in vitro affinity of ellipticine
compounds for the D816V mutated enzyme is somewhat
remarkable. Therefore, we studied the c-Kit kinase
domain by molecular modeling to understand better the
molecular basis of D816V mutant inhibition.

Molecular Modeling. The crystal structures of the
wild-type c-Kit kinase domain have recently been
determined in both its active and its inactive conforma-
tions. In the active conformation, which enables kinase
activity, c-Kit is complexed with an ADP and a magne-

sium ion (PDB code 1PKG).7 The juxtamembrane seg-
ment and the activation loop are in “open” positions,
allowing free access to the catalytic site from the solvent.
In contrast, in the inactive conformation, the c-Kit
kinase activity is autoinhibited. The juxtamembrane
segment enters the catalytic site and acts as a pseudo-
substrate, and the activation loop obstructs the entrance
to the catalytic site (PDB code 1T45)27 (Figure 3A,B).

On the basis of the structures alone, it is not clear
what role residue 816 plays in the constitutive activa-
tion of the enzyme because it is far from the catalytic
site in the active conformation (Figure 3A). Therefore,
the structures of both the wild-type and the D816V
mutant c-Kit kinase domains are needed to understand
the inhibition mechanism. However, no crystallographic
data are available for the mutant kinase domain.

Structural Effect of the D816V Point Mutation
on the Inactive c-Kit Kinase Domain. First, we used
molecular dynamics simulations, in explicit water sol-
vent molecules, to study the structural effects of the
D816V point mutation on both c-Kit inactive and c-Kit
active conformations and to determine the structure of
the D816V mutant c-Kit kinase domain targeted by
ellipticines. We started with the same atomic coordi-
nates based on the crystal structure of wild-type c-Kit
in its inactive conformation, but we changed the side-
chain of residue 816 to a valine to simulate the wild-
type and D816V mutant. In the wild-type c-Kit crystal
structure, the residue Asp 816 stands close to the P-loop
at the N-terminal extremity of a short 310-helix from
Ile 817 to Asp 820.27 Here, the negatively charged Asp
816 side-chain sits in the positive potential created by
the helical dipole (Figure 3C).

We monitored the folding state of the short helix by
following the distance separating the CG atom of
residue 816 from the N atom of residue 819. During the
6.5-ns simulation, the short helix unfolded for both
structures, but it spontaneously and rapidly refolded in
the wild-type structure, whereas it remained unfolded
in D816V mutated structure (Figure 3D).

This confirmed the stabilizing role of the residue Asp
816 and further confirmed that an initial effect of the
D816V point mutation is the destabilization of the short
310-helix. However, we did not observe the final conse-
quences of the short helix unfolding because few other
structural changes occurred during the simulation. The
numerous interactions of the juxtamembrane segment
with the activation loop, the C-helix, and the P-loop
probably slow the dynamics of the deformation of the

Figure 1. Ellipticine core atom numbering.

Figure 2. Kinetics of the c-Kit D816V inhibition by compound
3 at different concentrations: [ ) 0 µM; 4 ) 0.2 µM; 9 ) 0.5
µM.

Table 2. Results of the Kinase Inhibition Assay of Compounds
2, 3, and 9 on FGFR3 and PDGFR-R

IC50 (µM) for kinase activity inhibition

tyrosine kinase compound 2 compound 3 compound 8

FGFR3 0.4 0.5 1.4
PDGFR-R 0.6 0.7 2

Table 3. Results of the Cell Proliferation Assay

IC50 for cellular survival inhibitiona

compound WT + SCF D816V

1 0.4 5
2 0.01 0.01
3 0.01 0.01
4 0.01 0.01
5 0.5 0.3
6 <0.01 <0.01
7 0.25 0.3
8 0.4 0.6
9 nd nd
10 0.2 0.2
11 0.3 0.2

a Drug concentration (µM) that inhibits 50% of the Ba/F3 cell
proliferation.
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activation loop when going from the inactive to the
active conformation. To eliminate this effect and be able
to observe the consequences of the short helix unfolding
during a reasonable simulation time, we simulated the
departure of the juxtamembrane segment by simply
deleting it from the starting structures and reran the
simulations. In the absence of the juxtamembrane
segment, the activation loop was very mobile in the
D816V mutant compared to the wild-type. However, the
final D816V structure was still far from the active
conformation, probably because such a large conforma-
tion change requires longer simulation times.

Structural Effect of the D816V Point Mutation
on the Active c-Kit Kinase Domain. We explored,
by molecular dynamics, the effect of the D816V muta-
tion on the c-Kit active conformation starting from the
crystal structure coordinates of the active conformation
of wild-type c-Kit. Again, the only difference was the
nature of the residue 816 side-chain.

We found that both structures were stable during the
dynamics. The D816V point mutation had very little
structural effects on the kinase domain, especially in
the catalytic site area, which is a long distance from the
residue 816 position.

Our study strongly suggests that the D816V point
mutation moves the conformational equilibrium of c-Kit

toward the active conformation. Therefore, the constitu-
tive activation of the D816V mutant would be a result
of the destabilization of the inactive conformation. The
D816V mutation does not affect the active conformation.

Pharmacological Consequences. According to the
above results, the D816V mutant constitutively adopts
an active conformation very similar to the wild-type
active conformation. Consequently, any potential D816V
c-Kit mutant inhibitor should target the active confor-
mation.

STI-571 binds to the inactive conformation27 (Figure
4A). It can be seen from the docking of compound 2 to
the D816V c-Kit model (Figure 4B) that the docking site
overlaps the ATP-binding site (Figure 3A). It appears
that the binding modes of ellipticine derivatives and
STI-571 are very different: they target very different
conformations.

This may explain why inhibitors such as STI-571 that
selectively bind the inactive conformation27 cannot bind
the active conformation of the mutated enzyme (Figure
4).

Moreover, we have shown that both wild-type and
D816V c-Kit can adopt very similar active conforma-
tions, particularly in the catalytic site area, which is a
long distance from residue 816 (Figure 4B). Therefore,
the compounds that are active against the D816V c-Kit

Figure 3. (A) and (B) represent the crystal structures of the wild-type c-Kit kinase domain in its active (PDB code 1PKG)7 and
its inactive (PDB code 1T45)27 conformations, respectively. The important functional parts of the kinase domain are colored: the
juxtamembrane segment is shown in green, the P-loop is shown in blue, the activation loop is shown in magenta, the catalytic
loop is shown in orange, and the control helix is shown in cyan. In the active conformation (A) the position of the ADP and the
magnesium ion indicates the ATP-binding pocket. The juxtamembrane segment and the activation loop conformations are
considerably changed in the inactive conformation, making the ATP-binding pocket inaccessible. (C) Detail of the environment
surrounding the Asp 816 residue in the inactive conformation (B). (D) Interatomic distance between the CG atom of residue 816
and the N atom of residue 819 of the helix, during the 6.5-ns molecular dynamics simulation, in wild-type c-Kit (red) and its
D816V mutant (black).
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mutant should be active against the wild-type c-Kit,
consistent with the results in Table 1.

Therefore, we used a crystal structure very similar
to the active conformation of wild-type c-Kit to search
for the ellipticine binding site on the mutant.

Ellipticine Binding Mode Determination. All of
the compounds listed in Table 1 were docked on our
model of the D816V c-Kit mutant. Because ellipticine
compounds have been shown to be ATP-competitive
inhibitors, we restricted our search to the catalytic site
area.

We can group the compounds into three groups
according to their binding mode. First, all of the active
compounds (2, 3, 4, and 5) docked very similarly in a
site that is made favorable by three conserved interac-
tions (Figure 5A,B): the -NH at position 2 is an H-bond
donor to the -OH of Thr 670, and the -OH at position
9 is an H-bond donor to the carboxylic of Glu 640 and
an H-bond acceptor from the ammonium group of Lys
623. Second, the docking of the inactive compounds (10
and 11) occurred at the same position but in a confor-
mation (the planar cycle core flipped) different from that
of the active compounds in which the three interactions
are clearly impossible (Figure 5C). Third, the weakly
active compounds (6, 7, 8, and 9) (Figure 5D) bound less
specifically at the same site, as we found several other
binding sites for each of these compounds. The long,
bulky substituent of these compounds at position 1
makes specific binding less favorable. The pyrrolic
nitrogen was not involved in the binding for some of
these sites. Also, the binding mode that we found for
compound 7 can explain its activity, which, despite
lacking an -OH at position 9, has an activity similar
to compounds 6 and 8. We found that the N7 interacts
with the backbone nitrogen atom of Cys 673, compen-
sating for the lack of 9-OH.

Figure 4. (A) In the crystal structure, STI-571 binds to the
characteristic inactive conformation of c-Kit (PDB code 1T46).27

(B) For comparison, the docked position of compound 2 in the
D816V c-Kit model.

Figure 5. (A) Detail of the docked position of the most active compounds (compound is 2 shown in gray, 3 is shown in green, and
4 is shown in orange). Conserved interactions are represented in dashed lines. (B) Map of the main interactions for compound 2.
(C) and (D) Docked position of the less-active compounds. The docked position of the active compound 2 is recalled (ball-and-
sticks representation, shown in gray) for comparison. (C) The cycles of compounds 10 (green) and 11 (magenta) are flipped in
comparison with the cycle of compound 2. These positions are less favorable because the “conserved interactions” previously
described (B) are no longer possible. (D) For compounds 6 (green), 7 (orange), 8, and 9, having the same tail in position 1, the
dockings revealed several possible binding sites. In particular, for some binding sites, the N6 is not involved in any interaction
(compound 9, not shown in the picture). It also shows how N7 can be involved in the binding of compound 7 (orange) and compensate
for the lack of the 9-OH.
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Furthermore, the binding mode that we found for the
active compounds can explain the structure-activity
relationships observed in the kinase assays (Figure 5B).

As expected, the hydroxyl group at position 9 is crucial
in this binding mode because it is involved in two
H-bonds (with the amine group of Lys 623 and with the
carboxy group of Glu 640). Compound 5, which has a
9-methoxy group, would make only one H-bond (with
the amine group of Lys 623), resulting in a reduction
in activity.

In this binding mode, the N2 atom of each compound
does not directly interact with anything, and it sits
within an unoccupied area. Therefore, the presence of
methyl (compound 3) or a diethyl-propyl-amine chain
(compound 4) did not change the binding site.

The protonation state at position 2 of all the com-
pounds that were not substituted at this position (2, 5,
6, 7, 8, 9, 10, and 11) was unknown. Therefore, we
docked both forms on the D816V mutant. We found that
the protonation state of the N2 did not cause any
significant change in the observed sites.

Conclusion

We have shown that the ellipticines inhibit c-Kit in
vitro by competing with ATP. They inhibit the wild-type
c-Kit as well as the D816V mutated enzyme responsible
for mastocytosis. Our modeling shows that the D816V
mutant constitutively adopts an active conformation
very similar to the crystallized wild-type active confor-
mation. This explains the inefficiency of inhibitors that
target the inactive conformation of the D816V mutated
c-Kit, such as STI-571. Furthermore, we also found a
binding site for ellipticine derivatives that can explain
the structure-activity relationships observed in the
kinase assays. Finally, although our ellipticine deriva-
tives, as they stand, cannot be used as a long-term
treatment for the symptomatic effects of mastocytosis
because of their cytotoxicity, they have given us a better
understanding of D816V c-Kit mutant inhibition. This
model is currently being used to design new compounds.

Experimental Section
Chemical Compounds. Compounds were tested from

freshly prepared solutions. STI-571 (compound 1) was kindly
provided by E. Buchdunger (Novartis Pharma, Basel, Swit-
zerland). Ellipticine derivatives 2, 3, 4, 5, 10, and 11 were
readily available from our laboratory. Compounds 2 and 11
were from a series of compounds19 that led to the antitumor
compound 3, known as Celiptium, and then led to compound
4.28 Compounds 6, 7, 8, and 9, containing a 1-alkylamino chain,
are similar to the compounds previously described29 and belong
to the Chimiothèque Curie-CNRS, UMR 176 CNRS, Institut
Curie, Bat 110, 91405 Orsay, France.

Kit WT and Kit-D816V Protein Purification. The bacu-
lovirus expression system, culture media, reagents, and vectors
were purchased from InVitrogen and SIGMA. Oligonucleotides
were purchased from Gibco. The affinity-purified, HRP goat
anti-rabbit IgG was purchased from Jackson Laboratories, the
anti-phosphotyrosine antibodies were purchaed from SIGMA,
and the His-Tag monoclonal antibody was purchased from
Novagen. Standards for gel electrophoresis were purchased
from MBI Fermentas. Sepharose Q Fast Flow and HiTrap
Chelating HP were purchased from Amersham Pharmacia
Biotech AB.

Construction of Recombinant Baculovirus Vectors.
The wild-type and D816V c-Kit was a gift from Dr. Jacobson
(AMGEN). Both the wild-type and the D816V c-Kit were
amplified using a PCR of the c-Kit containing a pSPOT1 vector.

An amino-terminal hexahistidine tag, and BamH1 and Xba1
restriction sites were added during PCR. The PCR product was
gel purified, digested, and ligated into the pGEM-T Easy
(Promega) plasmid. The fidelity of inserts was confirmed by
sequencing. The sequences were recloned into BamH1/Xba1
restriction sites on the pVL1393 transfer vector (Pharmingen)
to express the human intracellular domain of the c-Kit receptor
(amino acids 567 to 976). Sf9 cells were transfected with the
BaculoGold Transfection kit from PharMingen according to the
manufacturer’s instructions. The recombinant baculovirus,
obtained from the transfection protocol, was amplified to a titer
of >1 × 10 8 pfu/mL before the infections for protein expression
were performed. We carried out two to three rounds of
amplifications using 5 × 106 cells per 10-cm plate with 500
µL of transfection supernatant in 15 mL of TNM-FH medium.
The titer was verified using serial dilution plaque assays in
duplicate.

Protein Expression and Purification. Both wild-type
and D816V c-Kit proteins were expressed and purified using
similar protocols. High Five (Invitrogen) cell lines derived from
Trichoplusia ni were propagated at 27 °C in 150-cm2 flasks
using Express Five serum free medium (Invitrogen). The cell
density was maintained between 5 × 10 5 and 3 × 10 6 cells/
mL for propagation. Protein expression was initiated by
infecting High Five cells (5 × 10 5 cells/mL) with recombinant
baculovirus at a multiplicity of infection (MOI) of 10. Cells
were pelleted 90 h after infection, washed once in the cold
phosphate-buffered saline (PBS) buffer, and resuspended in
a cold breaking buffer [250 mM NaCl, 10% (v/v) protease
cocktail inhibitors (Invitrogene), 1 mM sodium vanadate, 1%
Triton X-100, 40 mM Tris-HCl, pH 8.0]. We used 1.5 mL of
the cold breaking buffer for one 150-cm2 flask. The sample was
lysed by sonication for 60 s by repeatedly alternating sonica-
tion for 3 s and 3 s on ice. The lysate was cleared by
centrifugation at 30000g for 60 min at 4 °C, followed by
filtration through a 0.22-µm MILLEX GP filter (Millipore). The
proteins were purified by two successive steps of ion exchange
and affinity chromatography.

1. Ion Exchange Chromatography. The filtered lysate
was diluted to 0.150 M NaCl with milliQ water and loaded on
a 4-mL Sepharose Q Fast Flow column connected to the
Pharmacia FPLC system. The column was successively washed
with 10 mL of 0.2 M NaCl and 0.25 M NaCl in a buffer
containing 1% Triton X-100 and 20 mM Tris-HCl, pH 9.0. c-Kit
protein was eluted with 10 mL of the same buffer containing
0.33 M NaCl.

2. Affinity Chromatography. A HiTrap Chelating HP
1-mL column (Amersham Pharmacia Biotech) loaded with
NiSO4 was used for affinity purification. The protein from the
first purification step, in a buffer containing 0.5 M NaCl, 1%
Triton X-100, and 20 mM Tris-HCl, pH 9.0, was applied to a
column equilibrated with the same buffer. The column was
successively washed with 5 mL of the buffer, 5 mL of the buffer
with 0.05 M imidazole, and 5 mL of the buffer without Triton
X-100. Bound protein was eluted with 2.5 mL of a buffer
containing 0.25 M imidazole, 0.5 M NaCl, and 20 mM Tris-
HCl. The purified protein was mixed with one volume of 50%
glycerol and 1/1000 (v/v) of 1 M freshly prepared DTT, divided
into aliquots, and stored at -80 °C. Purification was monitored
by SDS-PAGE with the resulting bands visualized with
Coomassie blue staining and Western blotting.

Other Kinases. Both the PDGFR-R and the FGFR3 en-
zymes were obtained from EUROMEDEX.

Kinase Assay In Vitro. We used an ELISA assay to assess
the tyrosine kinase activity of wild-type and D816V c-Kit
proteins. A 96-well microtiter plate (Immulon 2HB, Ther-
moLifeScience) was coated by incubation overnight with a 0.25-
mg/mL solution of poly-Glu/Tyr (PGT) 1:4 polymer, rinsed
twice with 250 µL of washing buffer (PBS-Tween: 10 mM
phosphate-buffered saline, pH 7.4, and 0.05% Tween 20), and
dried for 2 h at room temperature. Reactions were carried out
by incubation for 15 min at 25 °C in a final volume of 100 µL
in kinase buffer: 10 mM MgCl2, 1 mM MnCl2, 1 mM sodium
vanadate, 1/25 (v/v) protease inhibitor cocktail (Invitrogen),
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20 mM HEPES (pH 7.3), and 2.5 mg/mL of BSA. Reactions
were initiated by the addition of the enzyme (with a final
concentration of 10 nM) to a complete reaction mixture.
Reactions were terminated by the addition of up to 10 mM
EDTA. The plates were washed five times with washing buffer
and the level of PGT phosphorylation was probed with a
purified phosphotyrosine specific monoclonal antibody conju-
gated to horseradish peroxidase (HRP) (dilution factor 15 000).
The plates were washed five times with washing buffer, and
the color was developed with an HRP chromogenic substrate
(OPD). The color was quantified by spectrophotometry at 492
nm. These data were used to determine the IC50 [drug
concentration (µM) at which the kinase activity of the purified
kinase domain of c-Kit is decreased by 50%] for all tested
ellipticine derivatives. For the active compounds, the inverse
1/OD492 values were plotted against 1/[ATP] for a given
inhibitor concentration [I], giving 1/Km,app as the intercept of
the horizontal axis (see Figure 2). The dissociation constant
of the inhibitor KI was then determined by fitting the apparent
Km,app to [I] through Km/Km,app ) 1 + [I]/KI.

Cell Proliferation Assay. Cell Cultures. The cell lines,
Ba/F3 Kit and Ba/F3 human Kit D816V, have already been
described.16 They are derived from the murine IL3-dependent
Ba/F3 proB lymphoid cells and transfected with human wild-
type and D816V c-Kit.

The D816V c-Kit mutation made the Ba/F3 cell line prolifer-
ate independent of cytokine. Ba/F3 cells were cultivated in
RMPI 1640 medium supplemented with 10% FCS, penicillin
(100 UI/mL), and streptomycin (0.1 mg/mL) (all from Gibco/
BRL); either 250 mg/mL of SCF or 10 mg/mL of IL3 was added
to the Ba/F3 wild-type c-Kit culture. Cells were cultivated at
37 °C in a humidified atmosphere containing 5% CO2.

Cell Proliferation Assay. The cell proliferation assay was
determined by the 3-(4,5-dimethyl-thiazol-2-yl)-2,5-diphenyl-
tetrazolium bromide (MTT) (Sigma) colorimetric method after
2 days of culture.

We diluted the drugs to obtain final concentrations of DMSO
that did not exceed 0.5% to avoid the effect of DMSO on Ba/
F3 cell proliferation. Cells were seeded in triplicate in 96-well
plates, at a density of 104 cells/well, in the presence of various
concentrations of drug (10-5-10-10 M) or of DMSO. After 48
h of incubation, the percentage of growth inhibition was
calculated by a comparison with DMSO-treated control cells,
which provided the drug concentration that inhibits 50% of
cell growth (IC50).

Molecular Modeling. Initial Structures. We used the
crystal structures of the c-Kit kinase domain in either its active
conformation (PDB code 1PKG)7 or its inactive conformation
(PDB code 1T45)27 as the starting points for our study. For
each of these two structures, we changed the aspartate side-
chain at residue 816 to a valine side-chain to simulate the
D816V point mutation. The nonresolved part of the active
conformation structure (Thr 752 to Leu 762) was completed
on the basis of the structure of the resolved inactive conforma-
tion. Finally, we obtained four structures of the c-Kit kinase
domain: active and inactive wild-type c-Kit and active and
inactive mutant D816V c-Kit.

Molecular Dynamics in Aqua. The six simulations pro-
ceeded in the same way. The protein was embedded in a
triclinic box filled with ∼10 200 simple point charge (SPC)
water molecules in periodic boundary conditions under a
constant pressure of 1 atm and at a temperature of 310 K.
We ensured the global charge neutrality by adding counterions
in the box as needed: for the inactive conformation we added
one Na+ for the wild-type and one Cl- for the D816V mutant
without the juxtamembrane domain, and for the active con-
formation we added one Cl- for the wild-type and two Cl- ions
for the D816V mutant. Dynamic simulations were carried out
with GROMACS using the GROMOS force field.30,31 Electro-
static interactions were calculated with the particle mesh
technique for Ewald sums, with a cutoff of 10 Å. We equili-
brated the system by heating it so that only the water
molecules were free to move, and the protein atoms were

constrained (four 250-ps steps). The production phase was then
run for 6.5 ns. The frames were recorded at 0.1-ps intervals.

Dockings. We modeled all the ellipticine derivatives tested
in the biological assays. The partial charges were calculated
using the partial equalization of orbital electronegativity
(PEOE)32 method in MOE. We modeled both protonated and
nonprotonated forms at position 2 for each compound (except
for compounds 3 and 4, which are already substituted at
position 2). We docked all the compounds on our D816V c-Kit
mutant kinase model using the GOLD program. This algo-
rithm allows ligand flexibility but keeps the protein rigid. We
localized our search to 15 Å around the N atom of the Cys 673
backbone (ATP-binding pocket). No other constraint was
imposed.
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